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ABSTRACT
Mowad, Christine. Conservation Genomics: Utilizing Genetic and Transcriptomic Sequencing
for Effective Conservation Management of Astragalus osterhoutii. Unpublished Master of
Science Thesis, University of Northern Colorado, 2022
Astragalus osterhoutii M.E. Jones (Fabaceae) is a federally listed, rare, endemic species
restricted to seleniferous soils in Grand County, CO (Anderson, 1989). This research utilized
both RADseq and RNAseq to generate neutral and adaptive genomic datasets. Neutral data
analysis aimed to determine i) the genetic diversity of A. osterhoutii and each of its populations
level, ii) how genetic structure is partitioned across the species range, and iii) the closest relative
to A. osterhoutii. Analysis of adaptive, RNAseq data aimed to identify i) differentially expressed
genes, ii) if patterns of expression are similar to neutral data, and iii) differences in Se
hyperaccumulation genes among populations. Neutral data found a relatively low level of species
genetic diversity, with similar levels seen between populations. Neutral data supported A. grayi
and A. nelsonianus as closest relatives. Both datasets supported a geographic division of genomic
makeup between eastern and western populations, with a finer split into three groups following
the three main drainages, Muddy Creek, Troublesome Creek, and Rock Creek except for the FO
population, which was distinct from other Muddy Creek populations. RNAseq data found Se
genes to be generally downregulated in the western populations compared to eastern populations
and suggests adaptive divergence between drainages. Four distinct conservation management
units are recommended from combined results, i) Western ii) Field Office, iii) Troublesome
Creek, and iv) Eastern. Establishing monitoring plots for at least one population within each of
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the management units is also recommended. A. osterhoutii should remained listed as a federally
protected, endangered species.
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CHAPTER I
INTRODUCTION TO NEUTRAL AND ADAPTIVE DATA
IN CONSERVATION GENETICS AND STUDY
SYSTEM, ASTRAGALUS OSTERHOUTII
Anthropogenic impacts on ecosystems have become increasingly clear and are resulting
directly in the loss of global biodiversity. The greatest threats to biodiversity include habitat
destruction, climate change, over-exploitation, and the introduction of invasive species, all of
which are driven by humans (Ceballos et al., 2015; Teixeira & Huber, 2021). Since the year
1900, the rate of human population growth has greatly increased, and with the expansion of
human populations, more development and exploitation of resources has occurred explaining the
positive correlation between extinction rates and human population expansion (Ceballos et al.,
2015). Modern rates of extinction have been shown to be 1,000 times higher than natural
background rates and are expected to increase to 10,000 times higher in the future if levels of
human impacts across the globe remain at the levels in the last decade (De Vos et al., 2015).
While extinction rates of species are straightforward and easily quantifiable, impacts on
complex ecosystems, and their abiotic components, are not always as simple to determine. The
habitats in which an organism lives within an ecosystem is often critical to their survival. This is
especially true of rare species, as rare species are often endemic to small areas and have adapted
traits which allow them to thrive in their local habitats. In fact, maintaining suitable habitat for
rare, endemic species may mean maintaining stressful conditions in the habitat they occupy,
which limits competition with other species (Cartwright, 2019). For example, soil properties are
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not easily renewed or restored once soils are altered or depleted of certain nutrients; they often
no longer host the species that once thrived in that habitat.
Genetic diversity can be used as a metric to measure biodiversity; as biodiversity
increases often so does genetic diversity. Increased genetic diversity also allows for individual
organisms to respond to environmental stress leading to an increase in species survival. Given
the human impacts on the environment, biodiversity is at risk and genetic research is critical for
understanding how to conserve biodiversity and to protect both species and the ecosystems on
which they rely.
Modern Conservation Genetics
Modern sequencing techniques have advanced genomic research, producing larger, more
powerful datasets that have allowed for more questions to be answered furthering our
understanding of organisms. Genomes can be split into two general parts, sequences that are
coding and those that are non-coding. Coding regions of the genome are ones that contain genes
and hold information for protein production, types of RNA, and other regulatory elements;
whereas non-coding regions are regions outside of genes and that do not specifically code for the
production of cellular elements. Neutral datasets are composed of genomic markers occurring
outside of genes and coding regions, whereas those found within genes and coding regions
makeup adaptive datasets. Neutral markers are loci not under selection, instead the variability
seen in neutral polymorphic loci arise from mutation, recombination, genetic drift, and gene flow
all of which are measures that are beneficial for population genetic assessments (Funk et al.,
2012). In addition, neutral datasets are of value since many statistical analyses commonly used
for population genetics measure genetic factors that occur by chance; therefore, these analyses
operate under the assumption that there is no selection. Measuring genetic diversity from neutral
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datasets, although not a direct measure of fitness, harnesses the potential for the inference of
fitness. In fact, a fundamental framework for population genetics is that genetic diversity is
strongly correlated to evolutionary potential, meaning populations with higher genetic diversity
are able to better adapt to a changing environment.
Adaptive datasets differ from neutral ones in their potential to measure evolutionary
potential and fitness. Adaptive markers are within coding regions and therefore potentially under
selection. Identification of adaptive markers can be important in conservation because
adaptability increases fitness and is key to species survival. One example of a dataset that
produces adaptive markers is gene expression analyses, in fact, variable gene expression is one
way that adaptive phenotypic plasticity is regulated in response to environmental stress (Hamann
et al., 2021). By integrating adaptive and neutral datasets, a greater genomic picture is
understood and confidence in results can become greater.
The development of Next Generation Sequencing (NGS) technology has greatly
expanded the ability to understand and answer genomic questions that previous techniques were
unable to answer due to a lack of resolution. NGS is a fast, high throughput, massively parallel
sequencing technology that allows for millions of genetic fragments to be sequenced at once.
NGS has the versatility to produce both neutral and adaptive datasets and has become
particularly beneficial for studying non-model species as it does not require any previous genetic
data. This technology has also been proven beneficial for designing successful conservation
management plans and has become increasingly prevalent in conservation research, due to it
being minimally invasive but still producing data with high depth, sensitivity, and accuracy.
Before the development of NGS technology, conservation genetics research hinged upon neutral
data from allozymes, microsatellites, mitochondrial DNA sequencing, and restriction fragment
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length polymorphisms (RFLPs) (Hohenlohe et al., 2021; Holliday et al., 2018; Morin et al.,
2004). NGS-enabled single nucleotide polymorphism (SNP) analyses have proven to be more
powerful in the field of conservation genetics than previous techniques. Although previous
approaches were successful in providing answers to population level conservation questions,
they were greatly limited in the number of loci that could be analyzed and in genome coverage
(Hohenlohe et al., 2021; Morin et al., 2004). SNP datasets can easily generate thousands of
molecular markers, both neutral and adaptive, that span the entire genome resulting in more
representative samples than previous methods (Allendorf et al., 2010; Hohenlohe et al., 2021;
Morin et al., 2004).
Power and Value of Neutral Next
Generation Sequencing Data
This project analyzes a SNP dataset generated by a recently developed NGS technique,
restriction-site associated DNA sequencing (RADseq). More specifically this project employs a
type of RADseq, double digest restriction-site associated DNA sequencing (ddRADseq).
RADseq is a cost-effective approach that yields high-resolution data sufficient for answering a
range of genetic questions at the population level in non-model organisms (Hohenlohe et al.,
2021; Peterson et al., 2012; Sunde et al., 2020). In fact, RADseq has been used to increase the
resolution of findings from older methods, such as microsatellites, leading to greater
understanding of population dynamics and evolutionary history in organisms (Shepherd &
Heenan, 2021; Zhao et al., 2022). RADseq is optimal for generating a genetic profile capable of
answering questions of genetic concern that are of importance for effective conservation and
management of species, including genetic structure and genetic variation (Peterson et al., 2012).
RADseq generates datasets that have the resolution needed to understand not only genetic
variation but how that genetic variation is distributed between and among populations.
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Genetic structure, or the amount and distribution of genetic diversity is a forcible measure
of information on genetic factors indicative of genetic health, such as, evidence of genetic drift,
gene flow, levels of genetic diversity, and evidence of inbreeding. These factors are fundamental
for accurate evaluation of overall genetic health and are insightful for conservation decisions
such as determination of evolutionarily significant units (ESU’s) or the selection of best
candidates for other conservation management tools such as seed banking and reintroduction
efforts. Previous studies have shown that RADseq has the power to distinguish genetic structure
and identify ESU’s. For example, Lee et al. (2020) discovered the genetic structure of the
endangered species Viola uliginosa (Swamp Violet), existed across the geographical landscape,
with distribution of genetic variation being split between northern and southern populations.
Another study using ddRADseq by Adamo et al. (2021) found genetic structure in Secale cereale
(Rye) to be grouped between ancestral strains and modern strains. The populations of S. cereale
determined to be ancestral were deemed an ESU because of that population’s unique genetic
diversity compared to the modern landraces making them important for conserving genetic
diversity in the whole species over time (Adamo et al., 2021). The results from both Lee et al.
(2020) and Adamo et al. (2021) were able to identify populations that should be deemed as
ESU’s and greatly enhance conservation efforts.
Another factor that should be addressed in conservation efforts is levels of genetic
variation in the target species. Genetic variation is important for species survival, with low
genetic variation lessening adaptive potential and survival on a long- and short-term scale
(Ellstrand & Elam, 1993; Huenneke, 1991; Ouborg et al., 2010). Factors that can lead to a loss in
genetic variation include genetic drift and inbreeding, both of which pose major threats to small
populations. Genetic drift is the random fluctuation of alleles over time and is influenced by
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population size, with effects being greater in smaller populations (Ellstrand & Elam, 1993;
Huenneke, 1991; Ouborg et al., 2010; Willi et al., 2007). If genetic drift causes a loss of adaptive
alleles, then deleterious alleles may become fixed in the population, leading to an overall
reduction in genetic variation and fitness. One way that management can defend against genetic
drift is by maintaining or enhancing gene flow, or the transfer of alleles within or among
populations, introducing new alleles to the gene pool (Ellstrand & Elam, 1993; Ouborg et al.,
2010). Inbreeding occurs when two plants that are genetically similar, or related, produce
offspring leading to a loss of heterozygosity, though it can also occur through selfing (Ellstrand
& Elam, 1993; Ouborg et al., 2010). A threat of increased inbreeding is referred to as inbreeding
depression - when loss of genetic variation results in reduced fitness of an organism (Ouborg et
al., 2010). Understanding genetic structure, its variation, and associated factors, would not be
possible to assess without genetic data.
RADseq has been used to answer questions of levels of genetic variation as well as
identifying any evidence of inbreeding. In the study by Lee et al. (2020), ddRADseq was not
only able to determine genetic structure, but also identify high levels of inbreeding within Viola
uliginosa (Swamp Violet) populations. Also, in the study by Adamo et al. (2021), the use of
ddRADseq identified low levels of genetic diversity both within and among populations of S.
cereale (Rye), apart from a single locally adapted, ancestral population. Magris et al. (2022)
discovered a loss of genetic diversity in the endemic populations of Italian Brown Trout, a
widespread species, due to both inbreeding and admixture with Atlantic Brown Trout, a nonendemic lineage used for stocking. While the use of RADseq has been limited to date, it has
demonstrated to have great potential and value in population genetics research.
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Power and Value of Adaptive Next
Generation Sequencing Data
RNA sequencing (RNAseq) is another rapidly emerging technique that allows for the
analysis of transcriptional regulation, or changes in gene expression. RNAseq obtains data from
mRNA transcripts resulting in a profile of all transcribed genes in a cell at a given time, which is
referred to as an organism’s transcriptome. RNAseq is a promising tool for conservation studies
since the fine resolution of datasets generated have been shown to be capable of detecting
differences between closely related individuals, among populations, and across multiple
generations (Hamann et al., 2021; Nielsen et al., 2020). Although de novo transcriptome
assembly is possible, the pipeline for producing an accurate, robust assembly is more difficult
and demanding than assembly with a reference transcriptome. Suitable reference transcriptome
for non-model organisms are lacking due to the emphasis of RNAseq studies on model
organisms (Brandies et al., 2019; Pavey et al., 2012). Although there are limitations in generating
de novo transcriptomes, RNAseq does not require any previous genetic data for the organism of
interest, unlike older techniques, making it beneficial when studying non-model organisms and
natural populations which are often the targets of conservation efforts (Alvarez et al., 2015; Todd
et al., 2016).
RNAseq has been an integral component for the conservation of Sarcophilus harrisii
(Tasmanian Devil) and is likely useful for the conservation of other species of conservation
concern (Brandies et al., 2019; Onley et al., 2021). This presented research will also generate a
reference transcriptome in natural populations, instead of a controlled lab-based population,
which has been identified as a need for translating genomic data to conservation of natural
populations (Ouborg et al., 2010). Brandies et al., (2019) found traditional genetic approaches
lacked the resolution to determine founder relatedness within a population of S. harrisii,

8
although, the addition of RNAseq data resolved this question allowing for captive breeding
programs to properly evaluate and address levels of inbreeding.
RNAseq allows for the identification of genes experiencing differential expression that
underlie plastic responses, including phenotypic plasticity, from environmental changes
(Christmas et al., 2016). Because of the relationship between the environment and transcriptional
regulation, RNAseq is thought to have greater utility for predicting evolutionary potential than
other genetic techniques (Nielsen et al., 2020). Evolutionary potential is a beneficial measure for
conservation as it has been shown to play a key role in the persistence of species through
environmental changes over time (Nielsen et al., 2020). High evolutionary potential is also
linked to high levels of genetic diversity due to the idea that greater genetic diversity provides a
larger genomic toolbox for an organism, therefore, increasing resilience and the ability to adapt
to environmental change and stress (Nielsen et al., 2020; Singh et al., 2021; Waldvogel et al.,
2020).
Identification of adaptive markers is another possibility of RNAseq studies, like
evolutionary potential; adaptability increases fitness and is key to species survival (Christmas et
al., 2016; Hoffmann & Sgrò, 2011; Nielsen et al., 2020). Adaptive phenotypic plasticity to
environmental stress can be regulated through variation in gene expression, which is why
RNAseq may be useful for predicting and measuring adaptive potential (Hamann et al., 2021).
However, not all genes are adaptive and low linkage disequilibrium is common in natural
populations making it difficult to identify truly adaptive genes (Shafer et al., 2015; Waldvogel et
al., 2020). Prediction of local adaptation via adaptive markers is a possible application of
RNAseq datasets that can be of great benefit for conservation, but there are a lot of factors
involved in accurate marker validation and applications that are still not understood. Until more
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research is done, studies should continue to be linked with other elements such as neutral genetic
data, data from controlled studies, ecological data, and phenotypic data to increase reliability of
data and to enhance current data in hopes of gaining clarity on predicting adaptive potential and
its capacity for application to conservation efforts (Shafer et al., 2015; Waldvogel et al., 2020).
One of the biggest obstacles for RNAseq studies is the current scarcity of reference
transcriptomes, leading to a subsequent gap in gene annotation and an increased prevalence of
unknown genes discovered in generated datasets (Alvarez et al., 2015; Pavey et al., 2012). These
gaps are ones that can only be closed with more studies utilizing transcriptome sequencing,
especially for organisms that do not currently have a published transcriptome. It has been shown
that a reference transcriptome is not always necessary for analysis of population structure and
environmental influence on signals of selection (Onley et al., 2021). While the need for more
data seems easily obtainable, there are many factors impeding the generation of datasets. One
disadvantage is the cost of RNAseq; it is much more expensive compared to genetic sequencing.
In addition, currently no standardized workflow exists for RNAseq approaches and there is a
lack of agreement on optimal experimental design as well as data analysis pipeline and
application (Alvarez et al., 2015; Brandies et al., 2019; Pavey et al., 2012; Rossetto et al., 2021;
Waldvogel et al., 2020). There is also a lack of understanding and education in the interpretation
of genomic data (Brandies et al., 2019; Nielsen et al., 2020). Currently, academic research is the
main driver of conservation research using RNAseq, making academic research crucial for the
standardization of methods and understanding of application to conservation biology (Nielsen et
al., 2020; Pavey et al., 2012; Shafer et al., 2015).
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Study System
Astragalus osterhoutii M.E. Jones (Fabaceae) is a rare species endemic to Middle Park in
Grand County, CO restricted to a 15-mile range with occurrences covering a total of 790 acres
(Figures 1, 2; NatureServe, 2021). Astragalus osterhoutii was federally listed as endangered in
1989 and is globally ranked as a G1/Critically Imperiled species (Anderson, 1989; NatureServe,
2021). The Middle Park habitat consists of a semiarid, high elevation, sagebrush steppe with big
sagebrush (Artemisia tridentata subsp. Tridentata) and mountain big sagebrush (Artemisia
tridentata subsp. Vaseyana) being the dominant species. Astragalus osterhoutii exists across its
range in smaller subpopulations which inhabit areas that differ in sagebrush cover, soil type, and
topography.
Astragalus osterhoutii is a long-lived, herbaceous, perennial species, with stems growing
from a woody caudex, and with stems per plant ranging from a single stem to over 100 stems
(Anderson & Jordan, 1992; Dawson, 1999). Astragalus osterhoutii’s root system is composed of
a single taproot with many lateral branches, which can tolerate periods of long-term dormancy
(Anderson & Jordan, 1992; Dawson, 1999).
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Figure 1
Astragalus osterhoutii photo taken by Christine Mowad. Kremmling, CO
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Figure 2
Map showing the populations collected for genetics and the entire range of A. osterhoutii

While A. osterhoutii most commonly reproduces by cross-pollination, it is important to
note that self-pollination results in viable fruits and seeds, just at a lower yield (Dawson, 1999;
Karron, 1987). The seedlings of A. osterhoutii have low survival rates and long growth period to
develop into mature plants. However, the root system of seedlings have a fast growth rate,
allowing them to effectively compete with declining levels of soil moisture (Dawson, 1999).
The species is pollinated by bees, specifically native bumble bees (Bombus spp.) and native
digger bees (Anthophora spp.) (Dawson, 1999; Karron, 1987). Herbivory has been observed by
two species, black blister beetles (Epicauta puncticollis Mannerheim) which feed on the leaves
and flowers, and seed weevils (Acanthoscelides aureolus Horn) which have been found in seeds
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(Anderson & Jordan, 1992; Dawson, 1999; Karron, 1987). Interestingly, one population of A.
osterhoutii adjacent to Wolford Mountain Reservoir (WR) is grazed by blister beetles more
heavily than other populations (Mowad Pers. Obs.).
Astragalus osterhoutii is an edaphic endemic exclusive to seleniferous soils in the
Miocene Troublesome Formation which was formed from the Upper Cretaceous Niobrara and
Pierre Shales (Anderson & Jordan, 1992). Due to their high selenium content, the soils found in
these habitats are toxic to most species, thus opening a niche for specially adapted species to
inhabit with very little competition. Specialized adaptations to occupy a unique niche, however,
is restrictive. A. osterhoutii only grows in seleniferous soils, and only those occurring in Grand
County, CO. Because of this limited distribution, there is limited available habitat for this taxon
and range expansion is not readily possible for A. osterhoutii. The seleniferous soils on which A.
osterhoutii relies for survival are not only rare, but they are threatened by anthropogenic
activities. These numerous limitations highlight the need for a comprehensive management plans
aimed at conservation of A. osterhoutii along with its critical habitat (Anderson & Jordan, 1992).
Known threats to A. osterhoutii include herbivory, especially that of the Blister Beetle,
recreational off-highway vehicle (OHV) use, and land development (e.g., construction of
Ritschard Dam in 1995 flooded and eradicated a known population) (Anderson & Jordan, 1992;
NatureServe, 2021). While many species are listed as federally endangered, many do not have
recovery plans, and even when they do, plans are not always implemented. Astragalus
osterhoutii is a species with a recovery plan, first instituted in 1992 (Anderson & Jordan, 1992),
that is well implemented and recently updated in 2020 (USFWS, 2020). The 2020 update states
that the size of range-wide populations, measured in density (plants/m2), should, at a minimum,
remain stable or increase over a designated 10-year period with estimations of population size
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falling within a 90% confidence interval (USFWS, 2020). Data from annual monitoring by the
BLM has been used to estimate population sizes, measured by the density of plants per square
meter, to track the fluctuations and health of A. osterhoutii populations over time (USFWS,
2020). Because A. osterhoutii has a clear recovery plan and is regularly monitored, genetic data
will be even more useful for conservation when compared to species that are not regularly
monitored or with recovery plans that are not being implemented.
Astragalus Osterhoutii Taxonomy
Early Astragalus classifications and field studies placed A. osterhoutii as a part of the
Lonchocarpi group of seleniferous Astragalus (Barneby, 1964; Beath et al., 1940). The
exceptions to this classification were A. osterhoutii’s connate stipules and difference in
chromosome number relative to other members of this group. This placement was largely due to
A. osterhoutii’s pendulate and stipitate pods (Barneby, 1964). These characteristics are why the
Lonchocarpi group has been found to be closely related to the Bisulcati group, with the most
differentiating morphological characteristics being connate stipules, and bisulcate, erect pods
found in the latter (Barneby, 1964; Beath, 1939). Another difference between these groups is all
species belonging to the Bisulcati group are seleniferous, whereas the Lonchocarpi group
contains some non-seleniferous species (Barneby, 1964). Work by Barneby (1964) moved A.
osterhoutii into the seleniferous Homaloboid group in section Pectinati with A. grayi and A.
nelsonianus being proposed as closest relatives. It is worth noting that A. osterhoutii has been an
exception in all taxonomic placements due to its unique morphological characteristics, when
compared to all other species in both the Pectinati and Lonchocarpi groups. Because of this, A.
osterhoutii has been deemed a monotypic species, and placed within its own subsection,
Osterhoutiani (Barneby, 1964; Beath, 1939).
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Due to the unique morphological characteristics of A. osterhoutii, genetic data is valuable
in determining its best taxonomic placement. The most recent phylogenetic analysis of
Astragalus species was published in a dissertation by Charboneau (2020) using plastome and
nuclear ribosomal DNA (nrDNA) data. These findings put A. osterhoutii in a clade with A. grayi
and A. nelsonianus as predicted by Barneby (1964) and support the idea that A. osterhoutii is a
member of the section Pectinati. Plastome data from this study revealed other potential close
relatives of A. osterhoutii to include A. nutalli, A. amemophilus, A. douglasii, A. pehuenches, A.
wootonii (Charboneau, 2020). Previous taxonomic and phylogenetic work has focused on
relationships throughout Astragalus, but with very little focus on A. osterhoutii, so additional
research is warranted to resolve A. osterhoutii’s taxonomic placement.
Soil and Habitat Conservation
The seleniferous soils that comprise the habitat of A. osterhoutii were formed from Upper
Cretaceous Niobrara and Pierre Shales and late Tertiary siltstone sediments which form what is
known as the Miocene Troublesome Formation (Anderson & Jordan, 1992). Both the Pierre and
the underlaying Niobrara Shales, are marine deposits, that, when exposed, makeup lowlands and
slopes that are easily eroded (Hail, 1969). Volcanic activity is one proposed origin of Se
containing shales, as eruptions produce Se-containing magma and release selenium into the
atmosphere (Beath et al., 1937). The atmospheric Se was thought to have then been deposited
into oceans through rainfall, where it then persisted in marine deposits, and in conjunction with
volcanic Se containing magma became the parent material from which shales were formed
(Beath et al., 1937).
The concentration of Se in the soil is not the only factor that contributes to a habitat that
would support A. osterhoutii populations. Therefore, simply adding Se to soils does not create
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appropriate habitat, rather there is an integral relationship and balance between pH, moisture, and
oxidation-reduction potential of the soil (Bauer, 1997; Dhillon & Dhillon, 2003). In fact, one of
the most important factors is bedrock composition and parent material (Bauer, 1997; Dhillon &
Dhillon, 2003; Rosenfeld & Beath, 1964), in this instance Niobrara and Pierre shales. It is
believed that the Se in the soil was accumulated over thousands of years and made available
through autotrophic nitrification of pyrite and the weathering or erosion of seleniferous rocks
that were formed millions of years ago (Bauer, 1997; Mast et al., 2014).
While selenium can be found in parent material outside of Cretaceous Niobrara or Pierre
shales, these formations give rise to the most persistent regions of soils that contain toxic levels
of Se globally (Anderson et al., 1961; Dhillon & Dhillon, 2003). Because Cretaceous Niobrara
and Pierre shales are only found in the Western U.S., highly seleniferous soils are limited to
localized areas in this region (Anderson et al., 1961; Dhillon & Dhillon, 2003). Although, it is
important to note that the presence of Se in bedrock/formations do not always produce
seleniferous soils, like those formed from the Niobrara and Pierre formations (Rosenfeld &
Beath, 1964).
One factor that can influence the amount of available Se contained in soils is hydrology.
In areas with mountains and slopes, runoff can erode rocks releasing Se and depositing it at
higher rates in soil (Rosenfeld & Beath, 1964; Statwick & Sher, 2017). Water also has the
potential to release Se from the soil itself, which is especially true of the alkaline seleniferous
soils found in Western U.S. (Statwick & Sher, 2017). Because Se is water soluble in alkaline
soils, unlike acidic soils, water can readily cause the leaching of Se from the soil and then be
deposited into surrounding soils and water sources (Bauer, 1997; Statwick & Sher, 2017). One
example of when this may occur is the irrigation of land containing seleniferous soils. The Se is
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freed and displaced into surrounding soils or water sources, therefore threating seleniferous soils
themselves, due the depletion of Se, as well increasing the potential for Se toxicity, thus
threatening the surrounding non-adapted organisms (Bauer, 1997; Statwick & Sher, 2017).
Selenium and Hyperaccumulating
Plants
Selenium occurs in most soils as a trace element, but this is not the case for the
seleniferous soils to which A. osterhoutii is endemic (Trippe & Pilon-Smits, 2021; White, 2016).
Normal soils contain about 0.01–2.0 mg/kg Se, whereas seleniferous soils often contain more
than 10 mg/kg of Se, with some soils containing up to 1200 mg/kg Se (Statwick & Sher, 2017;
White, 2016). The drastically enriched concentrations of Se in these soil types creates a habitat in
which most plants cannot survive, opening an ecological niche for species that have adapted
traits allowing them to thrive in these harsh conditions (Brown & Shrift, 1982; White, 2016).
These mechanisms include Se tolerance, accumulation, or hyperaccumulation.
Selenium-hyperaccumulating plants accumulate concentrations of Se that would be toxic
to other species, with Se concentrations greater than 0.1% of their dry leaf tissue, often with
concentrations that are 100-fold higher than the other vegetation found in their environment
(Reynolds & Pilon-Smits, 2018; White, 2016). Shortly after the discovery of A. osterhoutii, Se
levels were tested on air dried plant material and found to be 2,678 ppm therefore confirming
that the species is a Se hyperaccumulator (Beath, 1939). Based on the diversity of plant families
that contain Se hyperaccumulators, it has been proposed that the trait evolved independently in
Asteraceae, Amaranthaceae, Brassicaceae, Fabaceae, Rubiaceae, and Orobanchaceae (Lima et
al., 2018; White, 2016). Furthermore, the ability to hyperaccumulate Se has likely evolved
multiple times within Asteraceae, Brassicaceae, and Fabaceae, with Fabaceae having the greatest
number of known Se hyperaccumulating species (Lima et al., 2018; White, 2016).
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Though toxic at high levels, Se is an essential element for animals, but it has been
deemed nonessential for plants, exemplifying how Se hyperaccumulation as an adaptive
advantage rather than one essential for life (Dhillon & Dhillon, 2003; El Mehdawi & PilonSmits, 2012; White, 2016). Se has been shown to be a beneficial element that can promote
growth (Pilon-Smits, 2019; White, 2016), decrease herbivory (El Mehdawi et al., 2011; Freeman
et al., 2012; Schiavon & Pilon-Smits, 2017; Vickerman et al., 2002), and protect against abiotic
stress (Lima et al., 2018). The evolution of Se hyperaccumulation in plant species not only
enhances chances of survival but also increases biodiversity (El Mehdawi et al., 2011; Schiavon
& Pilon-Smits, 2017).
Selenium, and its reduced forms, is most similar chemically to Sulphur (S) and both
elements follow similar metabolic pathways (Schiavon & Pilon-Smits, 2017). Plants have the
ability to take up Se, in the forms of selenate and selenite ions, through their roots, but they are
taken up by different membrane proteins. Selenate enters root cells through sulfate transporters
(SULTRs) whereas selenite uptake occurs through root cell aquaporins and phosphate
transporters (Trippe & Pilon-Smits, 2021; El Mehdawi et al., 2011; Reynolds & Pilon-Smits,
2018; El Mehdawi & Pilon-Smits, 2012). Different classes of SULTRs than those found in the
roots allow for further distribution of selenate to different parts of the plant (Huang et al., 2017;
Trippe & Pilon-Smits, 2021). While SULTRs have been identified as a key component in the Se
hyperaccumulation pathway, their patterns of expression and regulation in hyperaccumulators
versus non-accumulators is not well understood. Previously it was thought that only
hyperaccumulators showed increased expression of SULTRs, but a study by Cabannes et al.
(2011) found equal levels of SULTR expression in both hyperaccumulators and nonhyperaccumulating species of Astragalus. In contrast, a more recent study by El Mehdawi et al.
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(2018) found an increased expression of SULTR genes in the hyperaccumulating species,
Stanleya pinnata, when compared to non-accumulating species from the same genus. The
discrepancy in results may be attributed to the difference in gene expression in controlled studies
versus natural settings or it could be related to species specific differences. Overall, there is a
need for more research to better understand the Se pathway in hyperaccumulating species.
Overview of Thesis
Purpose
The purpose of this research was to utilizes both genetic and transcriptomic data to
understand more about Astragalus osterhoutii in efforts to identify best management practices
for effective conservation. Astragalus osterhoutii is a rare endemic species that, as a listed
endangered species, is of conservation concern. Astragalus osterhoutii is also unique in its
restricted range, small population size, and requirement for rare seleniferous soils. This narrow
habitat requirements make this species even more susceptible to threats including land use
change, herbivory, development, and OHV recreational use. These factors, as well as the lack of
genomic data, exemplify why A. osterhoutii is a great candidate for genomic research.
Research Questions
There is currently very limited genetic data published on A. osterhoutii with one
population study by Karron et al. (1988) using allozymes and one phylogenetic study by
Charboneau (2020), both of which were conducted using older genetic techniques rather than
NGS. The current thesis will use genetic data and ddRADseq to help inform conservation
management plans for A. osterhoutii. Chapter II will include the results from these genetic
analyses and answer the following research questions:
Q1

What is the overall genetic health of A. osterhoutii?
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1.A

How genetically diverse is A. osterhoutii and each of its populations?

1.B

Is there any evidence of inbreeding, population bottlenecks, or other
genetic concerns within A. osterhoutii populations?

Q2

What genetic structure exists across the range of A. osterhoutii?

Q3

Into what group and section does A. osterhoutii best fit within the larger
Astragalus genus, and what species is its closest relative?

There is no current published transcriptome for A. osterhoutii or publications comparing
gene expression in the species. Chapter III will include results from RNAseq data analysis and
report on differentially expressed genes. This work will also contribute to the larger need for
RNAseq research on natural populations as well as contribute to the lack of reference
transcriptomes, which is a current obstacle in RNAseq research. Chapter III will report on the
following research questions:
Q4

Do differences in gene expression among A. osterhoutii populations occur?
Q4.A Do differences in transcriptomic data align with patterns seen in neutral
genetic data?
Q4.B Which genes that regulate selenium uptake and metabolism are
differentially expressed among A. osterhoutii populations?

Chapter IV will synthesize the findings from the Chapters II and III and include
suggestions for best conservation management decisions. Suggestions will be based on results
from both genetic and transcriptomic data and will be important for the future conservation
management plan of A. osterhoutii.
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CHAPTER II
UTILIZING NEUTRAL GENETIC SEQUENCING
DATA TO INFORM CONSERVATION
MANAGEMENT OF ASTRAGALUS
OSTERHOUTII
Abstract
Astragalus osterhoutii M.E. Jones (Fabaceae) is a rare species endemic to Grand County,
CO, restricted to a 15-mile range with occurrences covering a total of 790 acres (NatureServe,
2021). Astragalus osterhoutii was federally listed as endangered in 1989 and is globally ranked
as a G1/Critically Imperiled species (Anderson, 1989; NatureServe, 2021). There is very limited
published genetic data for A. osterhoutii. This research is the first to utilize NGS technology and
analyze a neutral SNP dataset for the species. Leaf tissue was collected from a total of 75
individuals from eight different populations spanning the known 15-mile range of A. osterhoutii
for DNA sequencing and genetic analysis. Analyses found low levels of genetic diversity for
each population of A. osterthoutii with observed heterozygosity ranging from 0.17-0.23. Strong
population genetic structure follows geographic groupings of populations, with unique genetic
makeup occurring between Western and Eastern populations as well as by drainages.
Phylogenetic results placed A. osterhoutii within the Pectinati section of Astragalus and most
closely related to A. nelsonianus and A. grayi. The low levels of genetic diversity and strong
partitioning of genetic structure by geography support continuation of the current conservation
measures as well as the addition of monitoring plots to include populations from each of the four
recommended management units.
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Introduction
Anthropogenic impacts on ecosystems have become increasingly clear and are resulting
directly in the loss of global biodiversity. The greatest threats to biodiversity include habitat
destruction, climate change, over-exploitation, and the introduction of invasive species, all of
which are driven by humans (Ceballos et al., 2015; Teixeira & Huber, 2021). Since the year
1900, the rate of human population growth greatly increased, and with the expansion of human
populations, came more development and exploitation of resources, explaining the positive
correlation between extinction rates and human population expansion (Ceballos et al., 2015). The
threat of extinction is greatest for rare species, who are often endemic to small geographic areas
and have locally adapted traits. In fact, maintaining suitable habitat for rare, endemic species
may mean maintaining stressful conditions in the habitat they occupy, which limits competition
with other species (Cartwright, 2019). While biodiversity is threatened globally, rare species are
especially of concern for conservation and should be the targets of conservation research and
well-informed management plans.
Genetic diversity can be used as a metric to measure biodiversity, because greater genetic
diversity correlates with a greater number of species and a greater number of genetically healthy
populations of a single species. Additionally, low genetic variation reduces adaptive potential
and survival on both a long- and short-term scale (Ellstrand & Elam, 1993; Huenneke, 1991;
Ouborg et al., 2010). Given human impacts on the environment, genetic research is critical for
understanding how to conserve biodiversity.
Since the advent of Next Generation Sequencing (NGS), population genetics has
advanced rapidly, furthering our understanding of organisms and the best conservation
management practices. Although previous approaches were successful in providing answers to
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population level conservation questions, they were greatly limited in the number of loci that
could be analyzed and in genome coverage (Hohenlohe et al., 2021; Morin et al., 2004). NGS
technology produces larger datasets with higher resolution compared to older techniques, which
are crucial for the accurate assessment of a species genomic profile on a level that is sufficient to
draw meaningful conservation management recommendations.
This research utilizes the NGS technique RADseq, a cost-effective approach that yields
high-resolution neutral datasets sufficient for answering a range of genetic questions at the
population level in non-model organisms (Hohenlohe et al., 2021; Peterson et al., 2012; Sunde et
al., 2020). In fact, RADseq has been used to increase the resolution of findings from older
methods, such as microsatellites, leading to greater understanding of population dynamics and
evolutionary history in organisms (Shepherd & Heenan, 2021; Zhao et al., 2022). Previous
studies have shown that RADseq has the power to distinguish genetic structure and identify
Evolutionary Significant Units (ESU’s). For example, Lee et al. (2020) discovered the genetic
structure of the endangered species Viola uliginosa (Swamp Violet) existed across the
geographical landscape, with the distribution of genetic variation being split between northern
and southern populations. Another study using ddRADseq by Adamo et al. (2021) found genetic
structure in Secale cereale (Rye) to be grouped between ancestral strains and modern strains,
leading to the ancestral populations being deemed an ESU because of its unique genetic makeup.
RADseq is optimal for generating a genetic profile capable of answering questions of
genetic concern that are of importance for effective conservation and management of species,
including genetic structure and genetic variation (Peterson et al., 2012). RADseq generates
neutral genetic datasets that have the resolution needed to understand not only genetic variation
but how that genetic variation is distributed between and among populations.
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Astragalus osterhoutii M.E. Jones (Fabaceae) is a rare species endemic to Grand County,
CO, restricted to a 15-mile range, with occurrences covering a total of 790 acres (Figure 3
NatureServe, 2021). Astragalus osterhoutii was federally listed as endangered in 1989 and is
globally ranked as a G1/Critically Imperiled species (Anderson, 1989; NatureServe, 2021).
Known threats to A. osterhoutii include herbivory, especially that of the Blister Beetle, Off
Highway Vehicle (OHV) recreational use, and land development; in fact, the construction of
Ritschard Dam in 1995 flooded and eradicated a known population (Anderson & Jordan, 1992;
NatureServe, 2021). Astragalus osterhoutii is an edaphic endemic exclusive to seleniferous soils
in the Miocene Troublesome Formation which was formed from the Upper Cretaceous Niobrara
and Pierre Shales (Anderson & Jordan, 1992). Seleniferous soils, crucial for A. osterhoutii
survival, are uncommon and threatened by anthropogenic activities; in conjunction, range
expansion is not plausible for small populations with narrow habitat requirements thus
exemplifying the importance of comprehensive management plans for effective conservation of
A. osterhoutii and its critical habitat (Anderson & Jordan, 1992).

25
Figure 3
Map of A. osterhoutii Populations Sampled for DNA Sequencing

Note. Population abbreviations referenced in Table 2; CNHP EO’s are shaded in teal.
The only previous molecular analysis for A. osterhoutii was performed using allozymes
(Karron et al., 1988). Out of the four Astragalus species sampled, A. osterhoutii exhibited the
lowest number of polymorphic loci, meaning A. osterhoutii had the lowest genetic variation
(Karron et al., 1988). The low observed genetic variation suggests a potential genetic threat to A.
osterhoutii since genetic variation is important for species survival, especially in rare plants
(Ellstrand & Elam, 1993; Karron et al., 1988). These results exemplify the need for greater
genetic analysis, especially genetic data that is generated using updated, modern techniques.
RADseq technology is an inexpensive option and allows for accurate determination of SNPs in
non-model organisms (Peterson et al., 2012). This technique is optimal for generating a genetic
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profile that can be analyzed for any genetic concerns that should be addressed for A. osterhoutii
conservation and management (Peterson et al., 2012).
Since A. osterhoutii is a listed endangered species, expanding the limited genetic
knowledge will be useful in understanding not only population dynamics but also the species
overall genetic health and will shed light on best conservation management practices. To assist in
management of A. osterhoutii genomic data was collected with three main goals: i) to determine
the genetic structure of A. osterhoutii and to examine if there is any evidence of gene flow within
or among populations ii) to assess the overall health of A. osterhoutii by determining how
genetically diverse it and each of its populations are, as well as identifying if there are any
genetic concerns such as inbreeding or population bottlenecks iii) to determine in which group
and section A. osterhoutii best fits within the larger Astragalus genus, and to identify which
species are its closest relatives.
Methods
Field Sampling and Genetic
Analysis
In the summers of 2020 and 2021, leaf tissue (1-2 grams) from up to 20 individuals was
collected from eight populations across the entire species range (Figure 3) Collected every
known element occurrence (EO) across the entire range. Individuals were GPS mapped to allow
for examination of both spatial genetic structure and gene flow within and among populations.
Leaf tissue was stored at -20˚C until DNA was extracted using a modified CTAB extraction
protocol (Doyle & Doyle, 1986). Extracted DNA was processed with a modified ddRADseq
protocol (Parchman et al., 2012; Tripp et al., 2017). DNA was double digested using the
enzymes EcoRI and MseI (New England Biolabs, Ipswich, MA). After adapter ligation and PCR
amplification, samples were checked on a 1% agarose gel before being sequenced. All samples
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were sent to the Genomics and Cell Characterization Core Facility (GC3F) at the University of
Oregon (Eugene, OR) to be sequenced on an Illumina HiSeq4000 (Illumina, San Diego,
California, USA) for samples sent before January 2021 (AS, WR, RD, WM, FO, TC, and RC)
and an Illumina NovoSeq6000 (Illumina San Diego, California, USA) for samples sent after
January 2021 (FO and TT).
The raw sequence data file obtained from GC3F was trimmed and cleaned using
TRIMMOMATIC v 0.39 (Bolger et al., 2014), then demultiplexed using FASTQ-multx v 1.4.3
(Aronesty, 2013). Cleaned sequences were then analyzed by the program iPYRAD v 0.9.81
(Eaton & Overcast, 2020) to create two datasets, one for phylogenetic analysis and one for
population level analysis. The population dataset was generated using only A. osterhoutii
individuals, default parameters were used to generate the de novo SNP dataset except for the
following: [14] Clustering Threshold which was set to 85%, [21] Minimum Samples Per Locus
which was set so all retained loci were found in a minimum of 87% of all samples, and [22] Max
number SNPs per locus, which was set to 0.1. The population SNP dataset generated by
iPYRAD was then filtered using Genodive v 3.05 (Meirmans, 2020) removing SNPs with a
major allele frequency of less than 0.05% and more than 20% missing data, ensuring that the
final population dataset only contained SNPs that were found in at least 80% of all samples. The
final population dataset was composed of 75 individuals with a total of 4,078 SNPs.
Genetic structure was analyzed using the program the program fastSTRUCTURE v 1.0,
(Raj et al., 2014). Further genetic structure measures were done using Genodive v 3.05
(Meirmans, 2020) including pairwise genetic distances using both FST and Nei’s D models.
Genetic diversity measures, including number of effective alleles (Ne), observed heterozygosity
(Ho), expected heterozygosity (He), and inbreeding coefficients (GIS) were generated using
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Genodive v 3.05 (Meirmans, 2020). The population SNP dataset was used to generate Maximum
Likelihood phylogenetic trees using RAxML v 8 (Stamatakis, 2014) using the GTRGAMMA
model of rate heterogeneity, random seed number, and 100 bootstrap replicates and visualized
using FigTree v 1.4.4 (https://github.com/rambaut/figtree/). The R package, ADEGENET v 2.0
(Jombart, 2008) was used to perform Principal Component Analysis (PCA).
Taxonomic Analysis
Specimens from suspected candidates for the closest relative were collected from the
Rocky Mountain Herbarium (RM) at the University of Wyoming (Table 1). Closest relative
candidates were based upon previous phylogenetic studies and include A. grayi, A. nelsonianus,
A. toanus, A. saurinus, A. rafaelensis, and A. wootonii (Barneby, 1964; Beath et al., 1940;
Charboneau, 2020; Table 1). Samples underwent the same DNA extraction and library
preparation as outlined in the methods above for A. osterhoutii samples collected in the field. A
SNP dataset including all taxonomic samples was generated by iPYRAD using default
parameters except for: [14] Clustering Threshold which was set to 85% and [21] Minimum
Samples Per Locus which was set so all retained loci were found in a minimum of 87% of all
samples. The final phylogenetic dataset was composed of 97 individuals, six of which were other
species of Astragalus collected from Rocky Mountain Herbarium (Table 1) and contained 11,395
SNPs. The phylogenetic SNP dataset was used to generate Maximum Likelihood phylogenetic
trees using RAxML v 8 (Stamatakis, 2014) using the GTRGAMMA model of rate heterogeneity,
random seed number, and 100 bootstrap replicates and was visualized using FigTree v 1.4.4
(https://github.com/rambaut/figtree/).
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Table 1
Specimens From Which Tissue was Collected from Rocky Mountain Herbarium (RM) for
Taxonomic Analysis of A. osterhoutii Relatives.
Species
A. grayi Parry ex S. Watson
A. nelsonianus Barneby
A. toanus (M.E. Jones) Barneby
A. saurinus Barneby
A. rafaelensis M.E. Jones
A. wootonii E. Sheld

Herbarium
RM
RM
RM
RM
RM
RM

Accession #
914027
906951
743166
741140
540925
785578

State
WY
WY
UT
UT
CO
AZ

County
Park
Fremont
Box Elder
Uintah
Montrose
Pima

Results
A total of 97 individuals were analyzed, 92 of which were individuals from eight
populations spanning the known 15-mile range of A. osterhoutii and 5 of which were herbaria
specimens of species identified to be potential closest relatives to A. osterhoutii. Two separate
datasets were generated, one for population level analyses and one for phylogenetic analysis. The
final population dataset was composed of 75 individuals with a total of 4,078 SNPs. The final
phylogenetic dataset was composed of 97 individuals and contained 11,395 SNPs.
Population Genetic Diversity
The levels of genetic diversity for each population of A. osterhoutii were unremarkable
across all measures (Table 2). The number of effective alleles ranged from 1.3 to 1.4 (Table 2).
The observed heterozygosity (Ho) was lowest in TC (0.17), and the highest Ho (0.23) was found
in AS, WR, RD, WM, and FO (Table 2). Expected heterozygosity (He) was highest in AS and
WR (0.25) and was lowest in TC and RC (0.18) (Table 2). Inbreeding coefficients (GIS) were
highest in AS and WR (0.08 and 0.07) and lowest in TT (0.01) with the remaining populations
ranging from 0.05-0.06, apart from RC which had an inbreeding coefficient of -0.03 (Table 2).
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Table 2
Population Genetic Diversity Measures, Including Number of Individuals Sampled (N), Number
of Effective Alleles (Ne), Observed Heterozygosity (Ho), Expected Heterozygosity (He), and
Inbreeding Coefficients (GIS).
Population
Population Name
Code
AS
Alkalai Slough

N

Ne

Ho

He

GIS

7

1.4

0.23

0.25

0.08

WR

Wolford Reservoir

7

1.4

0.23

0.25

0.07

RD

Ritschard Dam

6

1.4

0.23

0.24

0.06

WM

Wolford Mountain

5

1.4

0.23

0.24

0.05

FO

Field Office

19

1.4

0.23

0.24

0.05

TC

Troublesome Creek

6

1.3

0.17

0.18

0.05

RC

Rock Creek

7

1.3

0.19

0.18

-0.03

TT

Train Tracks

18

1.4

0.22

0.22

0.01

Note. Populations are listed geographically from Western to Eastern most population.
Genetic Structure
Genetic structure analyses supported a clear division between Western populations (AS,
WR, RC, WM, and FO) and the Eastern populations (TC, RC, TT), with some results of finer
scale analyses supporting distinct intermediate populations (WM, FO, and TC; Figure 4).
Genetic structure analysis by fastSTRUCTURE determined K=4 (Figure 4) as the best fit to
explain genetic structure across A. osterhoutii populations with groupings following geographic
regions from West to East: 1) Alkalai Slough (AS), Wolford Reservoir (WR), Ritschard Dam
(RD), and Wolford Mountain (WM), 2) Field Office (FO), 3) Troublesome Creek (TC), and 4)
Rock Creek (RC), and Train Tracks (TT). The most admixture was seen in the Wolford
Mountain (WM) population, indicating some gene flow between Field Office (FO) and the three
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Western most populations (AS, WR, and RD). population Field Office (FO) and iv) an
intermediate, Eastern population Troublesome Creek (TC).
Figure 4
fastSTRUCTURE Results

K=4

AS

WR

RD WM

FO

TC

RC

TT

Note. Each structure grouping is identified by color and vertical blocks represent populations
with their labeled population code. Bayesian analysis supported best fit model to be K=4.
Populations within the fastSTRUCTURE-defined groupings had the lowest pairwise genetic
distance than with populations outside of their structure grouping (Table 3). PCA results found a
total of five distinct genetic groupings, with the Western populations AS, WR, and RD
comprising one grouping, WM the second, FO the third, TC the fourth, and the most Eastern
populations, RC and TT representing the fifth grouping (Figure 5).
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Table 3
Pairwise FST (Below Diagonal) and Nei’s D (Above Diagonal) Results

AS

AS
-

WR
0.008

RD
0.014

WM
0.033

FO
0.038

TC
0.074

RC
0.098

TT
0.072

WR

0.019

-

0.012

0.032

0.036

0.075

0.100

0.0.71

RD

0.034

0.030

-

0.039

0.047

0.0.83

0.106

0.079

WM

0.085

0.082

0.102

-

0.037

0.097

0.116

0.091

FO

0.103

0.098

0.124

0.102

-

0.107

0.126

0.097

TC

0.204

0.204

0.229

0.264

0.256

-

0.123

0.094

RC

0.257

0.259

0.278

0.299

0.290

0.348

-

0.060

TT

0.195

0.191

0.211

0.235

0.237

0.255

0.181

-

Note. Populations are listed geographically from Western to Eastern most population.
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Figure 5
Principal Components Analysis (PCA) Results for A. osterhoutii Populations
d=5

FO

RC

TT

WM

WR

AS
RD

Eigenvalues

TC

Note. 18.93% of genetic variation is explained by axis 1 (X-axis) and 7.45% is explained by axis
2 (Y-axis).
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The RAxML generated tree using the population data resolved most pops as
monophyletic with high bootstrap value (≥ 90%). Markings were added to the tree to highlight
informative groupings. The first informative grouping, with three or more populations, supports
a Western grouping including AS, WR, RD, WM, and FO populations and an Eastern grouping
including TC, RC, and TT populations (Figure 6, blue squares). The second informative
grouping, with two populations in each grouping, supports a division in the two Western and
Eastern groupings, resulting in a distinct grouping containing WM and FO and TC as an
exception because it is a distinct group (Figure 6, black triangles). The third informative
grouping supports each population as a distinct group, with the exception of AS, WR, and RD
which remained as a single grouping (Figure 6, purple circles).

35
Figure 6
RAxML Tree for A. osterhoutii Populations.

Note. Branch divisions with bootstrap support of 100% (**) and 90% (*) are indicated. Three or
more populations (blue squares), two populations (black triangles), and single population
groupings (purple circles) are indicated at nodes.
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Phylogenetic Taxonomy
The RAxML generated tree from the phylogenetic dataset of A. osterhoutii and its close
relatives found that A. osterhoutii is its own individual species, separate from the six other
candidate species with 100% bootstrap support (Figure 7). The RAxML tree supports A.
nelsonianus and A. grayi as the closest related species to A. osterhoutii (Figure 7).
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Figure 7
RAxML Tree of A. osterhtouii and Closest Relative Candidate Species
**

**

**

A. saurinus
A. grayi
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A. wootonii
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Note. Branch divisions with bootstrap support of 100% (**) and 90% (*) are indicated.
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Discussion
Genetic Diversity
Astragalus osterhoutii like many other rare endemic, edaphic species consists of multiple
small, fragmented populations, which may be at risk for a loss of genetic diversity (Ellstrand &
Elam, 1993). Genetic diversity is a key component to species survival, as higher levels of genetic
diversity allow for species to be better equipped to defend against environmental stochasticity
(Ellstrand & Elam, 1993). Genetic diversity is often measured by levels of heterozygosity, with a
reduction in heterozygosity meaning less genetic diversity, and can be negatively affected by
multiple factors including inbreeding, reproductive isolation, and population bottlenecks
(Ellstrand & Elam, 1993; Huenneke, 1991; Ouborg et al., 2010).
All sampled populations of A. osterhoutii exhibited relatively low levels of genetic
diversity, which is consistent with rare, endemic species that are composed of small, fragmented
populations (Ellstrand & Elam, 1993; Karron et al., 1988). The Western populations (AS, WR,
RD, WM, and FO) exhibited the highest levels of genetic diversity and the lowest levels were
found in the Eastern populations, RC and TC (Table 2), which are relatively isolated. Similar
results were found in an allozyme study by Karron et al. (1988), when A. osterhoutii was
compared to another rare, restricted species of Astragalus, A. linifolius, and two widespread
species, A. pattersoni and A. pectinatus. Astragalus osterhoutii exhibited the lowest number of
polymorphic loci with only 2 polymorphic out of the 12 total loci studied, and a total percent of
polymorphic loci of 16.7% (Karron, 1991). One of the two polymorphic loci had a very low
minor allele frequency (0.05) and the unique alleles discovered were found in the population
with the least individuals, located at Troublesome Creek (Karron et al., 1988). While common
for rare endemic species to have low levels of genetic diversity, restricted ranges do not always
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mean low diversity (Harrison et al., 2019). Astragalus lentiginosus var. piscinensis is a rare
species with an 8 km2 range on alkaline soils, but there was no relationship between genetic
diversity and range size when compared to other more widespread varieties of the species
(Harrison et al., 2019).
The difference between Ho and He was minimal in all populations (0.0-0.2) indicating no
populations are experiencing any significant inbreeding or outbreeding depression (Table 2).
Although the difference between Ho and He were similar to the findings of Karron et al. (1988),
the raw total observed and expected heterozygosity was much greater in their study (0.33-0.68
and 0.33-0.68, respectively) than the present work. The lower Ho and He could be attributed to
the fact that a SNP dataset is much larger and found outside of coding regions, whereas the
alleles analyzed in the allozyme study by Karron et al. (1988) have a high probability of being
fixed due to the fact that loci were located within essential enzymes.
Genetic Structure
Analyses of genetic structure of A. osterhoutii supported groupings which followed an
overarching Western and Eastern division and also found geographically isolated and
intermediate populations to be distinct (Figure 8). All measures of genetic structure supported a
genetic distinction between Western populations (AS, WR, RC, WM, and FO) and Eastern
populations (TC, RC, TT), with some measures identifying distinct intermediate populations
(WM, FO, and TC).
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Figure 8
Summary of Genetic Structure Results

Note. Left column indicates which analysis supported the following structure grouping. Tree
results are reported by three different groupings, three or more populations (blue square), two
populations (black triangle), one population (purple circle) as indicated in Figure 6. PCA is
Principal Component Analysis results synthesized from Figure 5. fSTR is fastSTRUCTURE
results as seen in Figure 4.
Results from fastSTRUCTURE found four distinct genetic groups (Figure 8): i) Western
populations, Alkalai Slough (AS), Wolford Reservoir (WR), Ritschard Dam (RD), and Wolford
Mountain (WM) ii) Eastern populations, Rock Creek (RC), and Train Tracks (TT), iii) an
intermediate, Western population Field Office (FO) and iv) an intermediate, Eastern population
Troublesome Creek (TC). The four structure defined groupings were supported by genetic
distance measures, as populations within these groups had the lowest pairwise genetic distance,
meaning populations in each of the structure-generated groups share more alleles with each other
than with populations outside of their structure grouping (Table 3). PCA results followed the
same trend with a total of five groupings with the only difference being WM was resolved as its
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own group (Figure 8). The phylogenetic tree also supported WM as a distinct group, although
this is recent divergence (Figure 8). The tree also supports WM and FO as a monophyletic group,
descended from the larger Western population grouping. The PCA results also placed WM
closer, therefore more similar to the Western populations than to the FO population (Figure 8)
which can also be explained and supported by the admixture seen in the fastSTRUCTURE
results, with WM sharing the most genetic identity with the Western populations, and limited
admixture with the FO population (Figure 8).
Geographic Structure
Genetic diversity was found to be split primarily between Western and Eastern
populations and is partitioned across three main drainages, Muddy Creek, Troublesome Creek,
and Rock Creek. The three Western populations (AS, WR, RD), all located in the Muddy Creek
drainage, were found to be genetically distinct. The single population found in the Troublesome
Creek drainage (TC) was distinct from all other populations. The Eastern, Rock Creek drainage
population grouping (RC and TT) was found to be distinct in all analyses, with evidence of
recent divergence between the two populations (Figure 8). Karron et al. (1988) supports the
differentiation observed between Eastern and Western populations of A. osterhoutii, but they
found unique alleles in TC compared to the larger sampled populations, near Wolford Reservoir.
Harrison et al. (2019) also found strong genetic structure between subpopulations of A.
lentiginosus var. piscinensis, another rare Astragalus species with a small range, suggesting that
it is not uncommon for populations of restricted species of Astragalus to display strong genetic
structure.
While some analyses supported the Western, Muddy Creek grouping to include AS, WR,
RD, WM, and FO (Figure 8), WM and FO separated as their own distinct populations in the
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phylogenetic tree (Figure 8) and PCA analyses (Figure 8). The structure analysis found FO as a
distinct population from the other Western populations and found admixture of the two distinct
groups in the WM population (Figure 8). The results that found FO to be genetically distinct
from the other Western populations was unexpected due to it being located within the Muddy
Creek drainage; there is no clear explanation for this result. WM is located in the Muddy Creek
drainage which also runs through the other Western populations and is physically located
between RD and FO; thus, it is not surprising that some admixture between other populations
from the same drainage occurred. One explanation for greater similarity of WM to the Western
grouping than FO could be due to historical range; WM is situated close to the large western
population that existed before the Wolford Reservoir was completed, and it is likely that there
was previously more connectivity between the Western populations.
The Eastern-most populations (RC and TT) of A. osterhoutii were genetically distinct
from all other populations, likely attributable to these two populations occurring within the same
drainage and that, while proximate to one another, they are isolated from all other populations.
The phylogenetic tree suggested further distinction between RC and TT (Figure 6), which is
likely due to the lack of suitable habitat between the two populations and indicates a reduction in
gene flow between these two populations.
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Figure 9
Map Showing Population Structure Groupings and Drainages
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Note. Populations and drainages are colored by their fastSTRUCTURE generated groups based
off previously generated SNP dataset (Figure 4).
Taxonomic Placement
Astragalus osterhoutii, while always recognized as a distinct species, has had unclear
taxonomic placement within the genus. SNP-based taxonomic phylogenetic analyses supported
A. osterhoutii as being a distinct species, with a bootstrap value of 100%, from all five candidate
species (Figure 7). Using plastome and nrDNA data, Charboneau (2020) placed A. osterhoutii,
along with all candidate species excepting the non-seleniferous A. wootonii, in the Homaloboid
Phalanx Group section Seleniferous Homalobi, subsection Pectinati A. Gray. Results from the
plastome data found A. grayi and A. neslonianus as the most recent common ancestors of A.
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osterhoutii which supports my findings (Figure 7) (Charboneau, 2020). These results also
support Barneby’s (1964) predictions of closest relatives to A. osterhoutii. Results from the
nrRNA data differed from my results, finding A. saurinus to be most closely related to A.
osterhoutii (Charboneau, 2020). Differences could be attributed to lack of resolution, as my
study collected data from only one sample and was also limited to a small subset of outgroup
species. Increasing both the number of samples as well as number of related species could help
to gain more insight on species relationships and resolve taxonomic placements of A. osterhoutii
and closely related species.
Work by Barneby (1964) placed A. osterhoutii in the seleniferous Homaloboid group in
section Pectinati, but placed within its own subsection, Osterhoutiani due to morphological
characteristics. Genetic data suggests that A. osterhoutii while correctly placed in the
seleniferous Homaloboid group in section Pectinati, should not be a monotypic species within its
own subsection.
Conservation Recommendations
Astragalus osterthoutii should remain listed as an endangered species as its rarity and
unique adaptive traits contribute to global biodiversity. Due to the unique genetic groupings from
structure results, four distinct management units are recommended as follows: i) Western, ii)
Field Office, iii) Troublesome Creek, and iv) Eastern. The WR population is recommended to be
the representative population for the Western management unit and the TT population to
represent the Eastern management unit. The FO and TC management units are only composed of
a single population, so both of those populations should be targeted in the conservation
management plan for A. osterhoutii.
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The recovery plan for A. Osterhoutii states that populations sizes, measured in density
(plants/m2) should, at a minimum, remain stable or increase over a designated 10-year period
with estimations of population size falling within a 90% confidence interval (USFWS, 2020).
While the Western and TC management units are monitored annually, there are no monitoring
plots for the proposed Field Office or Eastern management units, therefore it is recommended for
plots to be established in both areas so that monitoring data is collected and reported for each
management unit.
Protection from threats that are imposed by human activity, such as land development
and Off Highway Vehicle (OHV) recreation should continue to be a priority in the conservation
management plan of A. osterhoutii. Since both WM and FO populations are next to OHV trails
and the RD population is near the parking lot and boat launch at Wolford Reservoir, additional
conservation activities should be taken at these sites. It is recommended for the protection of TC
that its designation as an Area of Critical Environmental Concern (ACEC) should continue.
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CHAPTER III
UTILIZING ADAPTIVE TRANSCRIPTOMIC
SEQUENCING DATA TO INFORM
CONSERVATION MANAGEMENT
OF ASTRAGALUS
OSTERHOUTII
Abstract
Astragalus osterhoutii is an endangered endemic species, restricted to seleniferous soils
and is a known Selenium (Se) hyperaccumulator. RNAseq technology allows for the sequencing
and quantification of mRNA transcripts with the power to generate a transcriptome and identify
differentially expressed genes (DEGs). This approach holds great promise for conservation
efforts as it may give more insight into evolutionary potential and identify populations that may
be experiencing local adaptation. A total of 25 samples across 5 populations were collected for
mRNA based RNAseq. The first ever transcriptome for A. osterhoutii was generated de novo
using Trinity. Downstream differential analysis with DESeq2 was employed to identify DEGs
between populations of A. osterhoutii and to identify if any changes align with RADseq genetic
data. Due to Se hyperaccumulation being a potential adaptive trait, RNAseq was used to
determine whether there were any differences in gene expression of genes involved in the Se
hyperaccumulation pathway. Soil samples were also taken and analyzed for Se content to
correlate with results from Se gene differential analysis. Results found that differential
expression at both the gene and transcript level followed the same pattern as RADseq genetic
structure, with distinct grouping between the main three drainages, Muddy Creek, Troublesome
Creek, and Rock Creek. Se hyperaccumulating genes were identified and differential expression
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(P < 0.05) was seen in the SMT1, SULTR1;2, SULTR1;3; SULTR3;3, SULTR 3;4, SULTR 3;5,
and SULTR4;1 genes. Se soil analysis found highest Se content in the Rock Creek population,
TT, with the lowest concentration in the Muddy Creek population, WM. Functionally enriched
gene expression pathways were identified and found to be linked to both pathogen response and
stress response. Populations were found to respond differently to both Se as well as other stimuli
suggesting they may independently be adapting to their local environment, although more
research needs to be done to bridge the link. RNAseq data supports the conservation of at least
one population in each of their respective drainages (Muddy Creek, Troublesome Creek, and
Rock Creek). Future directions from results of this study are to identify more functionally
enriched pathways and the genes involved to better understand some of the functional outcomes
of differentially expressed genes so that more specific conservation recommendations can be
made.
Introduction
Astragalus osterhoutii is an endemic species restricted to rare seleniferous soils which
contain Selenium (Se) at levels that would induce toxicity without adaptation. Astragalus
osterhoutii is a Se hyperaccumulator, meaning that it can take up Se from the soil and avoid the
misincorporation of Se into proteins, thus avoiding toxicity experience by other organisms. In
fact, Se hyperaccumulators have been found to accumulate concentrations of Se greater than
0.1% of their dry leaf tissue, often with concentrations that are 100-fold higher than the other
vegetation found in their environment (Reynolds & Pilon-Smits, 2018; White, 2016). Although
an essential element for some organisms in low levels, Se is not necessary for plants, supporting
Se hyperaccumulation as an adaptive advantage. It has been shown that Se that can promote
growth (Pilon-Smits, 2019; White, 2016), decrease herbivory (El Mehdawi et al., 2011; Freeman

48
et al., 2012; Schiavon & Pilon-Smits, 2017; Vickerman et al., 2002), and protect against abiotic
stress (Lima et al., 2018).
RNA sequencing (RNAseq) is a rapidly emerging technique that allows for the analysis
of transcriptional regulation, or changes in gene expression. RNAseq obtains data from mRNA
transcripts resulting in a profile of all transcribed genes in a cell at a given time, which is referred
to as an organism’s transcriptome. RNAseq is a promising tool for conservation studies since the
fine resolution of datasets generated have been shown to be capable of detecting differences
between closely related individuals, among populations, and across multiple generations
(Hamann et al., 2021; Nielsen et al., 2020). Although de novo transcriptome assembly is
possible, the pipeline for producing an accurate, robust assembly is more difficult and
demanding than assembly with a reference transcriptome. Suitable reference transcriptomes for
non-model organisms are lacking due to the emphasis of RNAseq studies on model organisms
(Brandies et al., 2019; Pavey et al., 2012). Although there are limitations in generating de novo
transcriptomes, RNAseq does not require any previous genetic data for the organism of interest,
unlike older techniques, making it beneficial when studying non-model organisms and natural
populations which are often the targets of conservation efforts (Alvarez et al., 2015; Todd et al.,
2016).
RNAseq expression data is commonly analyzed at two levels, a gene level, and a finer
transcript level. Genes are sequences that are found in DNA that code for proteins, or other
regulatory elements. Genes are templates for RNA polymerases which transcribe the DNA into
mRNA, or transcripts. Gene level analyses study the DNA sequence that is linked with the gene
of interest, whereas transcript level analyses are based on isoforms which are defined as
transcripts from the same gene, but that differ in qualities such as length and composition. While
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mRNA encodes for the eventual protein sequence, it contains more than just protein code, such
as untranslated regions (UTRs) and polyadenylation sites. While differences outside of the
translation start and stop codons may not result in a change in the translated protein itself, it can
alter other regulatory aspects such as mRNA localization, ribosomal recruitment, and translation
rate. Isoforms can also be the product of alternative splicing where different exons are included
in the final mRNA transcript, thus having the potential to change the final protein product.
Current analyses that identify differential expression of mRNA at the transcript level, such as
DESeq2, are restricted to isoform size rather than composition (Liu et al., 2022). The inability to
identify small compositional differences with current differential expression analyses results in a
lack of understanding about the effects isoforms may have within the cell as well as methods for
confidently identifying expression changes as significant. Differential expression at the gene
level does not aways show the same patterns as isoform level analyses, although due to the
greater specificity they hold it is suggested that if a gene contains differentially expressed
isoforms, then it also be considered differentially expressed, regardless of whether it is supported
in the gene level analyses (Liu et al., 2022).
Transcript sequences generated by RNAseq are also analyzed downstream for gene
annotation, where each sequence is compared to databases in order to identify the known genes
the sequence is most similar to. Gene annotation is one of the limitations in RNAseq, especially
when studying a non-model species because it is dependent on previous studies having identified
both the sequence and function of the great number of genes that make up an organism’s
genome. Key genes in the Se hyperaccumulation pathway have previously been identified as to
include both genes encoding SMT proteins as well as genes for all classes of SULTRs (Huang et
al., 2017; Sors et al., 2009; Trippe & Pilon-Smits, 2021; Yoshimoto et al., 2003). While model
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species are valuable and useful, they aren’t always the best reference for all non-model species.
This is especially true for plants which have even less species with fully annotated genomes.
While other resources work to publish plant specific databases, they are not always easily
utilized with the current data analysis programs and pipelines, creating and even bigger obstacle
to RNAseq studies.
Studying gene expression changes in relation to environmental factors has the potential to
identify adaption in organisms. Due to the differences seen in genetic structure across the range
of A. ostherhoutii, this research set out to see if differential gene expression exists among
populations. If differential expression does exist, then does it align with the results seen in
RADseq genetic data (Chapter 2), specifically in genetic structure groupings? Se
hyperaccumulation is thought to be an adaptive trait, so this research also wanted to determine
whether genes involved in the Se hyperaccumulation pathway are differentially expressed
between populations of A. osterhoutii. Results from the RNAseq analysis will help add to our
understanding of the genomic makeup of A. osterhoutii populations and how they may differ
from one another. These findings will be used to identify best conservation management
practices for A. osterhoutii.
Methods
Field Sampling and RNA Extraction
Leaf tissue was collected from a total of 25 individuals spanning five populations –
Alkalai Slough (AS), Wolford Reservoir (WR), Wolford Mountain (WM), Troublesome Creek
(TC), and Train Tracks (TT). Collected leaf tissue was immediately placed into labeled
microcentrifuge tubes and put into liquid nitrogen where it was stored until extraction. Tissue
was ground into a fine powder inside of its collection tube using a sterile pestle and liquid
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nitrogen. Total RNA was extracted using a QIAGEN RNeasy Plant Mini Kit (QIAGEN, Hilden,
Germany). Total RNA was sent to Novogene Corporation, Inc. (Sacramento, CA, USA) for QC,
library prep, and paired end 175 bp length mRNA sequencing on the Illumina NovaSeq 6000
platform (Illumina San Diego, California, USA).
Transcriptome Assembly and
Differential Expression
Analysis
A transcriptome was assembled de novo with Trinity v 2.14.0 (Grabherr et al., 2011)
using default parameters except for min_kmer_cov which was set to 2 resulting in discarding any
kmers that were unique and lessening the memory requirement for downstream steps. Alignment
and transcript abundance estimates were done using Salmon v 1.9.0 (Patro et al., 2017).
Transcript abundance generated by Salmon was then run through DESeq2 in the Trinity package
to identify DEGs using the TMM normalization model. The TMM normalized matrix was then
run through the DESeq2 analyze_diff_expr.pl script to filter for DEGs with a significance of p <
0.001 and p < 1e-20 with minimum 4-fold change.
Differential Expression Analysis
in Se Genes
The gene counts matrix generated by Salmon was used for differential expression
analysis using DESeq2 R package to generate a dataset with genes that had a P-adjusted value of
< 0.05. This dataset was filtered for genes previously identified to play a key role in Se
hyperaccumulation including both SULTR and SMT genes and taken through a pairwise analysis
with each population being compared to one another to identify significant differential
expression between populations for each Se pathway gene.
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Gene Annotation
Longest open reading frames (ORFs) were identified from the final Trinity transcript
sequences using Transdecoder v 5.5.0 (https://github.com/TransDecoder/TransDecoder.git). The
generated longest ORFs file was used in downstream gene annotation steps. Gene and transcript
annotation was done using Trinotate v 3.2.2 using default parameters for BLASTX, BLASTP,
Sprot, Pfam, and EggNOG databases (Bryant et al., 2017).
Data Visualization
Heatmaps for differentially expressed genes and transcripts were generated using the
DESeq2 analyze_diff_expr.pl function in the Trinity package. Heatmaps are log2 mean centered
with individual samples ordered by population and clustered by expression patterns. Principal
Component Analysis (PCA) graphs were generated using the plotPCA function in the DESeq2 R
package in RStudio v 2022.07.01 (Love et al., 2014).
Results
A total of 25 individuals from 5 populations were sampled for mRNA sequencing
resulting in a total of 1.42 billion paired end raw reads and an average of 45.7 million paired end
raw reads per sample. Final Trinity assembly resulted in a total of 475,740 transcripts,
221,091(46.5%) of transcripts were annotated and 254,649 (53.5%) did not have any hits within
the databases.
Transcript Level Differential
Expression
The Principal Components Analysis found three distinct groups from differentially
expressed transcripts with a Western population grouping (AS, WR, WM) and both TC and TT
populations as distinct groups (Figure 10). The x axis explained 16% of variance and the y axis
11% of variance.
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Figure 10
PCA Analysis of Transcripts
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The DESeq2 generated heatmap for all differentially expressed transcripts found
expression patterns of transcripts to be similar between Western populations (AS, WR, WM) and
distinct in both the TT and TC population (Figure 11). Heatmaps containing differentially
expressed transcripts with a P value of < 0.001(Figure 11) and < 1e-20 (Figure 11) exhibited the
same pattern in grouping as all differentially expressed transcripts.
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Figure 11
Differentially Expressed Transcript Heatmap With P-Value <0.001(Above) and <1e-20 (Below)
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Note. Transcripts with a minimum 4-fold change clustered by pattern of expression and ordered
by population. Populations colored by fastSTRUCTURE groups based off previously generated
SNP dataset (Figure 4).
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The number of differentially expressed transcripts for both P< 0.001 and P < 1e-20 were
highest between AS and TT and TT and TC and were the lowest among Western populations
(AS WM, and WR; Table 4). Transcript level pairwise distance measures followed the same
pattern with distance measures between individuals and populations being higher when
compared among Western populations, and lowest between Western populations and both TC
and TT (Figure 12). Distance measures between TC and TT were higher than when compared
with all populations in the Western grouping (AS, WR, or WM) (Figure 12).
Table 4
Differentially Expressed Transcripts Count Matrix for P-Value < 0.001 (Above Diagonal) and <
1e-20 (Below Diagonal)

AS
WR
WM
TC
TT

AS
5
13
56
55

WR
743
7
47
39

WM
833
760
52
53

TC
1779
1726
1778
70

TT
2316
1857
1948
2144
-

Note. Highest values (green) and lowest values (red) are denoted. Populations are listed
geographically from Western to Eastern most population
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Figure 12
Pairwise Distance Measures for Transcript Level Expression Data
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Note. Trinity generated sample correlation matrix of Euclidian distance measures from log2
median centered genes. Green represents greater correlation and red indicates less correlation
between samples. Individuals are ordered by population. Populations are colored by their
fastSTRUCTURE generated groups based off previously generated SNP dataset (Figure 4).
Gene Level Differential Expression
The heatmap for all differently expressed genes with an adjusted P-Value of < 0.001
(Figure 13) showed individual populations having distinct patterns of expression. The heatmap
for genes with a P-value of < 1e-20 shows gene expression patterns to be similar in the Western
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populations (AS, WR, and WM) and distinct in both the TC and TT populations (Figure 13).
Pairwise Euclidian distance measures found the smallest distance to be between samples in the
Western grouping (AS, WR, and WM) with greatest distances being found when Western
populations were compared to Central (TC) and Eastern (TT) (Figure 14).
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Figure 13
Heatmaps Containing DEGs With P-Value < 0.001(Top) and P-value < 1e-20 (Bottom)
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Note. Genes with a minimum 4-fold change clustered by pattern of expression and ordered by
population. Populations colored by fastSTRUCTURE groups based off previously generated
SNP dataset (Figure 4).
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Figure 14
Pairwise Distance Measures for Gene Level Expression Data
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median centered genes. Green represents greater correlation and red indicates less correlation
between samples. Individuals are ordered by population. Populations are colored by their
fastSTRUCTURE generated groups based off previously generated DNA SNP dataset (Figure 4).
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Selenium Genes
SMT1 was significantly downregulated in Western populations AS (P < 0.05) and WM
(P < 0.01) when compared to TC and TT and was found to also be significantly upregulated (P <
0.001) in TC and TT when compared to AS and WM (Figure 15). SULTR1;2 was found to be
significantly upregulated (P < 0.001) in both AS and TC when compared to TT, WM, and WR
(Figure 15). SULTR1;3 was significantly downregulated in WR when compared to all other
populations (P < 0.001) (Figure 15). SULTR3;3 was significantly upregulated in TC compared to
TT (P < 0.001) and TT was significantly downregulated (P < 0.05) when compared to TC and
WR (Figure 15). SULTR3;4 was found to be upregulated in the Western populations (AS, P<
0.01; WR P < 0.01; WM P < 0.05) when compared to TC and TT, and both TC (P < 0.001) and
TT (P < 0.01) were significantly downregulated when compared to Western populations (Figure
15). SULTR3;5 was found to be significantly downregulated (P < 0.05) in AS when compared to
WR and TT with both WR and TT being significantly upregulated when compared to AS (P <
0.05) (Figure 15). SULTR4;1 was found to be significantly upregulated in Western populations
(AS P < 0.01; WM’ P < 0.01; and WR, P < 0.01) when compared to TT along with AS being
significantly upregulated (P < 0.01) when compared to TC (Figure 15).
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Figure 15
Heatmap of Se Gene Differential Expression Between Populations
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Note. Population level pairwise comparison of log2 fold change of genes. Red indicates
upregulated genes, blue indicates downregulated genes. P < 0.001 (***), P < 0.01 (**), and P <
0.05 (*) are indicated.
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Soil Analysis
Soil analysis found the highest average Se content to be found in TT (189.9 ppm) and the
lowest in WM (70.3 ppm) (Table 5).
Table 5
Average Soil Se Concentrations
Population
AS
WR
WM
TC
TT

Average
Total Se
130.9
107.7
70.3
177.4
189.9

SD
87.9
21.4
18.3
121.3
20.9
Discussion

Patterns in Differential Expression
and Genetic Structure
Sampled populations of A. osterhoutii can be divided by geography into three groups:
Muddy Creek drainage populations (AS, WR, WM, and FO), the single population found in the
Troublesome Creek drainage (TC), and the Rock Creek drainage populations (RC and TT). The
populations sampled for the RNAseq dataset included three Muddy Creek populations (AS, WR
and WM), the single population in Troublesome Creek (TC) and one Rock Creek population
(TT). Structure analyses of neutral RADseq markers (Chapter 2) supports separating the
populations sampled for the RNAseq dataset, into three groups by drainage, a Western grouping
(AS, WR, and WM), and the populations TC and TT as distinct genetic groups (Figure 4).
RNAseq results followed the same genetic patterns as the neutral data, recognizing three unique
genetic groups based on differential expression patterns: Muddy Creek (AS, WR, and WM),
Troublesome Creek (TC), and Rock Creek (TT) (Figure 7, Figure 16).
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Figure 16
Map of Sampled Populations for RNAseq with Population Groupings and Drainages
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Note. Populations and drainages are colored by their fastSTRUCTURE generated groups based
off previously generated SNP dataset (Figure 4).
Gene expression analysis support there being similarities in gene expression patterns
within drainages and differences among drainages. There are multiple explanations for the
observed variability in gene expression, including neutral genetic factors and natural selection.
Populations that share the same drainage and, therefore, occur closer to one another, have a
greater likelihood for gene flow, or a history of gene flow, which could lead to population
similarity. Populations that are fragmented and small, such as those of A. osterhoutii, are more
likely to undergo genetic drift, where random allele fluctuations result in a loss of heterozygosity
and fixation of alleles. Although more likely to occur in non-coding regions which are not under
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selection, genetic drift can occur within coding regions therefore potentially affecting gene
expression. Finally, if populations are experiencing different selective pressures, whether that be
due to differences in abiotic factors, such a soil composition, or biotic factors such as herbivory,
then the population may become locally adapted, leading to differences seen in differential
expression between populations. In the current study many gene expression differences are
observed, making it unlikely that they represent neutral patterns, but the exact connection of gene
expression changes and selection is not discernable without further study.
Selenium Hyperaccumulation
Genes
Gene annotation identified genes that have previously been found to play a major role in
plant Se hyperaccumulation, including but not limited to SMT and SULTRs (1-4), (Sors et al.,
2009; Trippe & Pilon-Smits, 2021; Yoshimoto et al., 2003). The SMT1 gene has been identified
to play a role in volatilization, which is one way that Se is released through the leaves into the
air, acting in defense (Schiavon & Pilon-Smits, 2017; Sors et al., 2009). Results found significant
differential expression of the SMT1 gene, with downregulation in AS and WM and upregulation
in TC and TT (Figure 15). The WM population had the lowest recorded soil Se concentration,
while TC and TT had the highest levels (Table 5), which may explain the differences observed in
SMT1 gene expression. SULTR1;2 moves Se from the vascular bundle into shoots and leaves of
hyperaccumulating plants. SULTR1;2 showed a complicated pattern up and down regulation
(Figure 15), that does not align with geography or soil Se concentrations. SULTR1;3 has been
shown to be in located the phloem where it acts to move Se from source organs, such as leaves,
into the sieve tube where it is redistributed to sink organs, such as the roots (Yoshimoto et al.,
2003). Interestingly, SULTR1;3 was found to be downregulated in WR in all comparisons and
upregulated in all other populations relative to WR (Figure 15). This result is interesting because
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WR was experiencing a blister beetle infestation when it was sampled for RNAseq (C. Mowad
personal observation) and this change in gene expression may be part of that populations
response to herbivory. SULTR4;1 allows for the remobilization of Se that is stored in vacuoles
(Wang et al., 2021) and was found to be significantly over expressed in populations TT and TC
(Figure 15). TC and TT had the highest levels soil Se (Figure 15), which may impact gene
expression patterns.
Significant Se pathway DEGs were identified between populations. The differences
between populations is not surprising due to the fact that environments are widely variable, and,
unlike DNA, gene expression is altered in response to environmental stimuli. Results from
expression analysis suggest that in the Se pathway is responding differently to Se from their
greater neutral genetic structure grouping. This is consistent with the high degree of variability
seen in soil Se concentrations (Table 5). Although results showed substantial ranges within
populations, overall trends show soil Se concentration to be the lower in the Muddy Creek
Drainage relative to the Troublesome Creek (TC) and Rock Creek (TT) drainages (Figure 15).
Differences in Se gene expression could be a result of different reproductive and
developmental stages. For example, SULTR4;1 has been shown to be highly expressed in
developing seeds of Arabidopsis with highest levels being observed during embryogenesis, early
seed filling, and playing a role in regulating seed composition, whereas SULTR4;2 was found to
be expressed during flowering as opposed to after (Zuber et al., 2010). The changes in SULTR
expression could help to reveal the reproductive stage a plant is in and could be targets for
identification of markers for reproductive success or for greater identification of differences
between individuals in regard to seed composition. Another possibility for differences could be
related to herbivory, which was observed by blister beetles in the WR population during
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sampling (C. Mowad, personal observation). RNAseq studies have identified that herbivory and
flowering time share similar pathways and it is proposed that the two pathways have coevolved
(Ke et al., 2021). Overall, differential expression seen between A. osterhoutii populations exist
and may underly differences in evolutionary potential.
Conservation Implications
Results seen in RNAseq data from this study suggest the potential for RNAseq to be a
tool for determining genetic structure, which has been supported in other studies (Tarlinton et al.,
2021; Thorstensen et al., 2021). RNAseq has been shown to have the potential to identify
diagnostic SNPs in rare and endangered organisms, questions that currently, are most often
answered using neutral datasets (Steele et al., 2021; Tarlinton et al., 2021; Thorstensen et al.,
2021). Tarlinton et al. (2021) used RNAseq to both identify SNPs in two genetically distinct
groups of Phascolarctos cinereus (Koalas) and used differential expression analyses to identify
genetic factors that attribute to the high prevalence of brain disease seen in one genetic group as
a consequence of a previous population bottleneck. In addition, RNA-seq data has fine enough
resolution to show differences within and among populations as well as across multiple
generations. The high resolution yields the possibility of understanding evolutionary potential at
the population or species level, which has been shown to play a key role in the persistence of
species when faced with environmental changes (Hamann et al., 2021; Nielsen et al., 2020).
RNAseq has great promise to conservation efforts but there are still many obstacles. For
one, there is a lack of reference genomes for RNAseq studies which is crucial for accurate gene
annotation; without them there is a high prevalence of unknown genes discovered in generated
datasets (Alvarez et al., 2015; Pavey et al., 2012). In fact, the transcriptome for A. osterhoutii
was only 46.5% annotated, with many of the unannotated transcripts being top DEGs that could
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be informative if identified. With an increased number of annotated genomes, more accurate
markers for adaptive traits will be identified, and more understanding of patterns that may be
beneficial for monitoring species of concern, resulting in better implementation of conservation
strategies from RNAseq data.
While the need for more data is a clear need, transcriptome assembly itself is a difficult
task due to the differing opinions on experimental design and data analysis pipeline, all of which
contribute to the current lack of standardized workflow (Alvarez et al., 2015; Brandies et al.,
2019; Pavey et al., 2012; Rossetto et al., 2021; Waldvogel et al., 2020). This research was able to
successfully generate a transcriptome and subsequent differential expression analysis, but the
lack of standardization could result in a difference in results if reproduced using a different data
analysis pipeline. The current obstacles can also be attributed to the lack of understanding and
education in the interpretation of genomic data. With academic research being the main driver of
RNAseq based conservation research, there is also a gap in understanding in how to implement
management strategies from results (Brandies et al., 2019; Nielsen et al., 2020). Because of the
gap in data as well as methods, DNA based research should be used in conjunction with RNAseq
to ensure robust genomes that will be beneficial for future research. RNAseq holds great
potential for conservation-based research to inform best management practices, but it should be
integrated with current approaches, such as field-based research and greenhouse studies. With
more data comes greater understanding of the pathways and genes that may have the greatest
influence on a species survival and adaptive mechanism most desirable for conservation efforts.
RNAseq data indicates that there are some unique expression patterns between the three
drainages that is the habitat for all A. osterhtoutii populations. Conservation recommendations
based on RNAseq data are for the protection of at least one population in each of the distinct

68
structure groups, Muddy Creek, Troublesome Creek, and Rock Creek. Until more research is
done to understand more about the functions of the DEGs, no specific population can be
identified as a target for conservation, with the exception of TC which is the only population
found in the Troublesome Creek drainage. This research did not sample the FO population,
which was found to be genetically distinct from neutral data analysis (Chapter 2). More research
should be done to determine if the FO is also distinct in its expression patterns; until then FO
should be considered a distinct unit and a target population for conservation. RNAseq data holds
great potential for informing best management strategies. This is especially true for A.
osterhoutii which has an implemented recovery plan and annual monitoring data, useful for long
establishing long term population trends, as well as there being genetic data for each known
population. The multiple types of data on A. osterhoutii expands our knowledge of the species in
a way that is greatly beneficial for effective conservation and a greater understanding of this
species evolutionary potential.
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CHAPTER IV
SUMMARY OF RESULTS FROM NEUTRAL AND
ADAPTIVE DATA WITH MANAGEMENT
RECOMMENDATIONS
Study System and Research Objectives
Astragalus osterhoutii M.E. Jones (Fabaceae) is a rare species endemic to Grand County,
CO, restricted to a 15-mile range, with occurrences covering a total of 790 acres (Figure 3;
NatureServe 2021). Astragalus osterhoutii was federally listed as endangered in 1989 and is
globally ranked as a G1/Critically Imperiled species (Anderson 1989; NatureServe 2021).
Astragalus osterhoutii is restricted to rare seleniferous soils and is a known Selenium (Se)
hyperaccumulator, a trait which has been identified to be adaptive rather than necessary for
survival.
Since A. osterhoutii is a listed endangered species, with very limited genetic data,
expanding the genetic knowledge is useful in understanding not only population dynamics but
also the species overall genetic health in order to assist in management. Neutral genetic data was
collected with three main goals addressed in Chapter II. First, to determine the genetic structure
of A. osterhoutii and to examine if there is any evidence of gene flow within or among
populations. Second, to assess the overall health of A. osterhoutii by determining how genetically
diverse it and each of its populations are, as well as identifying if there are any genetic concerns
such as inbreeding, or population bottlenecks. Third, the genetic data was used to determine
placement of A. osterhoutii into the larger Astragalus genus, and to identify what species are its
closest relative. Adaptive RNAseq data was collected to address two main goals in Chapter III.
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First, to determine if differentially expressed genes followed the same pattern seen in neutral
genetic data. Second, to determine if there were any differences in gene expression in Se
hyperaccumulation pathways among populations.
Both neutral and adaptive datasets were generated for analysis using ddRADseq and
RNAseq, respectively. ddRADseq generates data with the resolution needed to understand
genetic variation and how variation is distributed within and among populations in non-model
species. Neutral data is not under selection and is, therefore, a good measure of genetic diversity
and structure that has changed by chance over evolutionary time, rather than being selected for.
Adaptive data was produced using RNAseq technology, a relatively new technique to be used in
natural systems and conservation, that has the power to identify genes that are under selection.
The ability to analyze adaptive markers helps to bridge the gap between neutral data and an
organism’s genetic adaptive potential, as well as evolutionary history, making RNAseq ideal for
informing conservation management decisions. Results from the RNAseq analysis integrated
with neutral data helped to strengthen the understanding of the genomic makeup of A. osterhoutii
populations and how they differ from one another, further informing best conservation
management practices. The final goal was to use adaptive data was used was to investigate the
potentially adaptive trait, Se hyperaccumulation, by determining whether genes involved in the
Se hyperaccumulation pathway are differentially expressed between populations of A.
osterhoutii. Assessing and integrating both neutral and adaptive data allows for broader
investigation of A. osterhoutii to be seen, helping to ensure management decisions are ones that
will lead to effective conservation management of rare, endangered species.
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Results
Neutral Data
The ddRADseq generated SNP dataset found genetic diversity to be relatively low in all
populations of A. osterhoutii, with the Western populations (AS, WR, RD, WM, and FO)
exhibiting the highest levels of genetic diversity and the lowest levels being found in the Eastern
populations, RC and TC (Table 2). The difference between observed (Ho) and expected (He)
heterozygosity were minimal in all populations, indicating no populations are experiencing
significant inbreeding or outbreeding depression (Table 2).
Analyses of genetic structure of A. osterhoutii supported groupings which largely aligned
with geography. All measures of genetic structure supported the predominant split in genetic
identity between the Western populations (AS, WR, RC, WM, and FO) and the Eastern
populations (TC, RC, TT), with some measures pulling out intermediate populations (WM, FO,
and TC) as distinct from the overall Western and Eastern grouping. Results from
fastSTRUCTURE found four distinct genetic groups (Figure 4): i) Western populations, Alkalai
Slough (AS), Wolford Reservoir (WR), Ritschard Dam (RD), and Wolford Mountain (WM); ii)
Eastern populations, Rock Creek (RC), and Train Tracks (TT); iii) an intermediate, Western
population Field Office (FO); and iv) an intermediate, Eastern population Troublesome Creek
(TC). The four fastSTRUCTURE defined groups were supported by genetic distance measures,
as populations within these groups had the lowest pairwise genetic distances, with populations in
each of the structure generated groups shared more alleles with each other than with populations
outside of their structure grouping (Table 3). PCA results followed a similar trend with a total of
five groupings, with the same four groups and only difference being WM was populations
resolved as its own group (Figure 5). The phylogenetic tree also supported WM as a distinct
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group, although in the phylogenetic tree groupings with two populations (Figure 6, black
triangles), it forms a monophyletic group along with FO, and is descendent from the grouping
that includes all Western populations (Figure 6, blue squares)
Taxonomic phylogenetic analyses supported A. osterhoutii as being a distinct species,
with a bootstrap value of 100%, from all five closest relative candidate species (Figure 7).
Results from phylogenetic analysis suggest the closest relatives of A. osterhoutii to be A. grayi
and A. nelsonianus. Genetic data suggests that A. osterhoutii, while correctly placed in the
seleniferous Homaloboid group in section Pectinati, should not be a monotypic species within its
own subsection.
Adaptive Data
The RNAseq analyses included five (AS, WR, WM, TC, TT) of the eight known A.
osterhoutii populations, providing insight on broad geographic patterns. Results from differential
gene expression analyses identified three unique genetic groups aligned with each drainage
basin: Muddy Creek (AS, WR, and WM), Troublesome Creek (TC), and Rock Creek (TT)
(Figure 10). The number of differentially expressed transcripts for analyses with P< 0.001 and P
< 1e-20 were highest between AS and TT, and TT and TC, and were the lowest among Western
populations (AS WM, and WR; Table 4). Pairwise Euclidian distance measures were smallest
between samples in the Western grouping (AS, WR, and WM) and greatest when Western
populations were compared to Troublesome (TC) and Rock Creek (TT) populations.
Results found significant differential expression of the suite of Se-regulating genes. Both
TC and TT populations were found to generally be upregulated in Se genes when compared to all
other populations (Figure 15) and were also found to have the highest soil Se concentrations
(Table 5). AS, WM, and WR were generally downregulated with WR being the only
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downregulated population for SULTR1;3 (Figure 15). Se soil analysis found Se concentrations to
be highest in the Rock Creek population (TT) and the Troublesome Creek populations (TC),
respectively (Table 5). The lowest soil Se concentrations were observed in the Muddy Creek
drainage, with WM having the lowest observed values. Functionally enriched gene expression
pathways were identified and found to be linked to both pathogen response and stress response.
Combined Neutral and Adaptive
Results
Sampled populations of A. osterhoutii can be divided by geography into three groups:
Muddy Creek drainage populations (AS, WR, WM, and FO), the single population found in the
Troublesome Creek drainage (TC), and the Rock Creek drainage populations (RC and TT). All
populations were sampled for ddRADseq, whereas the populations sampled for the RNAseq
dataset included three Muddy Creek populations (AS, WR and WM), the single population in
Troublesome Creek (TC), and one Rock Creek population (TT).
Both neutral and adaptive dataset supported a geographic division of genomic makeup
between the eastern and western populations, with a finer split into three groups which followed
the three main drainages. The FO population was found to be distinct in neutral data, but due to
lack of sampling this split was not examined by adaptive RNAseq data.
The results of gene expression data suggest adaptive divergence between each of the
drainage basins. The western, Muddy Creek drainage populations (AS, WR, RC, and WM) were
found to be similar in both genetic makeup and gene expression patterns. The lack of distinction
between these populations suggests gene flow, localized genetic drift, or shared environmental
conditions could be impacting expression patterns. Gene flow occurs at higher rates between
populations with less distance between them, and results in genetic similarity; therefore,
populations that share the same drainage are more likely to be experiencing gene flow,
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explaining the lack of distinction found between the Muddy Creek populations. Populations that
are fragmented and small, such as those of A. osterhoutii, are more likely to undergo genetic
drift, where random allele fluctuations result in a loss of heterozygosity and fixation of alleles.
The low genetic diversity, measured in observed heterozygosity, from neutral data, results would
support both the lack of distinction between the Western populations as well as the similar
patterns seen in gene expression results. Due to the unexpected distinction seen in neutral data
for the FO population, it would be both interesting and beneficial to sample the population for
RNAseq analysis. Determining gene expression patterns in the FO population would be
beneficial for validating results from neutral data which suggests FO is distinct, therefore
designating it as its own management unit separate from other Muddy Creek drainage
populations. Overall, the distinctions supported by both neutral and adaptive data strengthened
the understanding of how diversity is partitioned across the range of A. osterhoutii increasing the
confidence in effective conservation management decisions.
Conservation Management
Recommendations
Astragalus osterthoutii should remain listed as an endangered species as its rarity and
unique adaptive traits contribute to global biodiversity. Due to the unique genetic groupings from
both genetic structure and differential gene analysis, four distinct management units are
recommended as follows: i) Western (AS, WR, WM), ii) Field Office (FO), iii) Troublesome
Creek (TC), and iv) Eastern (RC, TT). The WR population is recommended to be the
representative population for the Western management unit because the population is the most
central out of all populations in that grouping. The TT population should represent the Eastern
management unit due to the population including much larger plants than RC (Mowad, personal
observation). The FO and TC management units are only composed of a single population, so
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both of those populations should be targeted in the conservation management plan for A.
osterhoutii.
The recovery plan for A. Osterhoutii states that populations size, measured in density
(plants/m2), should, at a minimum, remain stable or increase over a designated 10-year period
with estimations of population size falling within a 90% confidence interval (USFWS, 2020).
While the Western and TC management units are monitored annually, there are no monitoring
plots for the proposed Field Office or Eastern management units, therefore it is recommended for
plots to be established in both areas so that monitoring data is collected and reported on for each
management unit. Addition of monitoring plots would also help further field-based observations
and would be beneficial to strengthen the transfer of RNAseq data into results that are
informative for conservation management.
Protection from threats that are imposed by human activity, such as land development
and Off Highway Vehicle (OHV) recreation, should continue to be a priority in the conservation
management plan of A. osterhoutii. Because both the WM and FO populations are next to OHV
trails, and the RD population is near the parking lot and boat launch at Wolford Reservoir,
additional conservation activities should be taken at these sites. It is recommended for the
protection of TC, which is in a designated Area of Critical Environmental Concern (ACEC), to
continue due to its unique genetic makeup and patterns of gene expression.

76

References

Adamo, M., Blandino, M., Capo, L., Ravetto Enri, S., Fusconi, A., Lonati, M., & Mucciarelli, M.
(2021). A ddRADseq Survey of the Genetic Diversity of Rye (Secale cereale L.)
Landraces from the Western Alps Reveals the Progressive Reduction of the Local Gene
Pool. Plants (Basel, Switzerland), 10(11), 2415. https://doi.org/10.3390/plants10112415
Allendorf, F. W., Hohenlohe, P. A., & Luikart, G. (2010). Genomics and the future of
conservation genetics. Nature reviews. Genetics, 11(10), 697–709.
https://doi.org/10.1038/nrg2844
Alvarez, M., Schrey, A. W., & Richards, C. L. (2015). Ten years of transcriptomics in wild
populations: what have we learned about their ecology and evolution? Molecular
ecology, 24(4), 710–725. https://doi.org/10.1111/mec.13055
Anderson, J., & Jordan, L. A. (1992). Osterhout Milkvetch (Astragalus osterhoutii) and Penland
Beardtongue (Penstemon penlandii) Recovery Plan. U.S. Fish and Wildlife Service.
Anderson, J. L. (1989). Endangered and Threatened Wildlife and Plants; Final Rule to
Determine Astragalus osterhoutii and Penstemon penlandii to be Endangered
Species. Federal Register 54(133): 29658-29663.
Anderson, M. S., Lakin, H. W., Beeson, K. C., Smith, F. F., & Thacker, E. (1961). USDA
Handbook 200. In “Selenium in Agriculture”. U.S. Government Printing Office,
Washington, DC.
Aronesty, E. (2013). Comparison of Sequencing Utility Programs. Open Bioinforma. J., doi:
10.2174/1875036201307010001.

77
Barneby, R. C. (1964). Atlas of North American Astragalus. Memoirs of the New York
Botanical Garden. 13(1).
Bauer, F. (1997). Selenium and soils in the western United States. Electronic Green
Journal, 1(7). https://doi.org/10.5070/g31710269
Beath, O. A. (1939). The seleniferous Astragalus osterhouth Jones. American Journal of
Botany, 26(9), 729-730. https://doi.org/10.1002/j.1537-2197.1939.tb09346.x
Beath, O. A., Gilbert, C. S., & Eppson, H. F. (1937). Selenium in Soils and Vegetation
Associated with Rocks of Permian and Triassic Age. American Journal of Botany, 24(2),
96–101. https://doi.org/10.2307/2436728
Beath, O. A., Gilbert, C. S., & Eppson, H. F. (1940). The use of indicator plants in locating
seleniferous areas in western United States. III. Further studies. American Journal of
Botany, 27(7), 564-573. https://doi.org/10.1002/j.1537-2197.1940.tb14718.x
Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: A flexible trimmer for Illumina
Sequence Data. Bioinformatics, 30(15), 2114-2120.
Brandies, P., Peel, E., Hogg, C. J., & Belov, K. (2019). The value of reference genomes in the
conservation of threatened species. Genes, 10(11),
846. https://doi.org/10.3390/genes10110846
Brown, T. A., & Shrift, A. (1982). Selenium: toxicity and tolerance in higher plants. Biological
Reviews, 57(1), 59-84. https://doi.org/10.1111/j.1469-185X.1982.tb00364.x
Bryant, D. M., Johnson, K., DiTommaso, T., Tickle, T., Couger, M. B., Payzin-Dogru, D., Lee,
T. J., Leigh, N. D., Kuo, T. H., Davis, F. G., Bateman, J., Bryant, S., Guzikowski, A. R.,
Tsai, S. L., Coyne, S., Ye, W. W., Freeman, R. M., Jr., Peshkin, L., Tabin, C. J., …
Whited, J. L. (2017). A Tissue-Mapped Axolotl De Novo Transcriptome Enables

78
Identification of Limb Regeneration Factors. Cell reports, 18(3), 762–776.
https://doi.org/10.1016/j.celrep.2016.12.063
Cabannes, E., Buchner, P., Broadley, M. R., & Hawkesford, M. J. (2011). A comparison of
sulfate and selenium accumulation in relation to the expression of sulfate transporter
genes in Astragalus species. Plant Physiology, 157(4), 22272239. https://doi.org/10.1104/pp.111.183897
Cartwright, J. (2019). Ecological islands: Conserving biodiversity hotspots in a changing
climate. Frontiers in Ecology and the Environment, 17(6), 331340. https://doi.org/10.1002/fee.2058
Ceballos, G., Ehrlich, P. R., Barnosky, A. D., García, A., Pringle, R. M., & Palmer, T. M.
(2015). Accelerated modern human-induced species losses: Entering the sixth mass
extinction. Science advances, 1(5), e1400253. https://doi.org/10.1126/sciadv.1400253
Charboneau, J. L. M. (2020). Phylogenomic Studies of Character Evolution in Neo-Astragalus
(Astragalus L., Fabaceae) (Publication No. 28314206) [Doctoral dissertation, The
University of Arizona] ProQuest Dissertations and Theses Global. (Publication No.
28314206).
Christmas, M. J., Breed, M. F., & Lowe, A. J. (2016). Constraints to and conservation
implications for climate change adaptation in plants. Conservation Genetics, 17(2), 305320. https://doi.org/10.1007/s10592-015-0782-5
Dawson, C. A. (1999). The Autecology of Astragalus osterhoutii [Unpublished Doctoral
dissertation, University of Denver].

79
De Vos, J. M., Joppa, L. N., Gittleman, J. L., Stephens, P. R., & Pimm, S. L. (2015). Estimating
the normal background rate of species extinction. Conservation Biology, 29(2), 452-462.
https://doi.org/10.1111/cobi.12380
Dhillon, K. S., & Dhillon, S. K. (2003). Distribution and management of seleniferous
soils. Advances in agronomy, 79(1), 119-184. https://doi.org/10.1016/S00652113(02)79003-2
Doyle, J. J., & Doyle, J. L. (1986). A rapid DNA isolation procedure for small quantities of fresh
leaf tissues. Phytochemical Bulletin, 19(1), 11-15.
Eaton, D. A. R., & Overcast, I. (2020). ipyrad: Interactive assembly and analysis of RADseq
datasets. Bioinformatics, 36(8), 2592-2594. https://doi.org/10.1093/bioinformatics/btz966
Ellstrand, N. C., & Elam, D. R. (1993). Population genetic consequences of small population
size: Implications for plant conservation. Annual Review of Ecology and
Systematics, 24(1), 217- 242. https://doi.org/10.1146/annurev.es.24.110193.001245
El Mehdawi, A. F., Jiang, Y., Guignardi, Z. S., Esmat, A., Pilon, M., Pilon-Smits, E., &
Schiavon, M. (2018). Influence of sulfate supply on selenium uptake dynamics and
expression of sulfate/selenate transporters in selenium hyperaccumulator and
nonhyperaccumulator Brassicaceae. The New phytologist, 217(1), 194–205.
https://doi.org/10.1111/nph.14838
El Mehdawi, A. F., & Pilon-Smits, E. A. (2012). Ecological aspects of plant selenium
hyperaccumulation. Plant biology (Stuttgart, Germany), 14(1), 1–10.
https://doi.org/10.1111/j.1438-8677.2011.00535.x
El Mehdawi, A. F., Quinn, C. F., & Pilon-Smits, E. A. (2011). Selenium hyperaccumulators
facilitate selenium-tolerant neighbors via phytoenrichment and reduced

80
herbivory. Current biology: CB, 21(17), 1440–1449.
https://doi.org/10.1016/j.cub.2011.07.033
Freeman, J. L., Marcus, M. A., Fakra, S. C., Devonshire, J., McGrath, S. P., Quinn, C. F., &
Pilon-Smits, E. A. (2012). Selenium hyperaccumulator plants Stanleya pinnata and
Astragalus bisulcatus are colonized by Se-resistant, Se-excluding wasp and beetle seed
herbivores. PloS one, 7(12), e50516. https://doi.org/10.1371/journal.pone.0050516
Funk, W. C., McKay, J. K., Hohenlohe, P. A., & Allendorf, F. W. (2012). Harnessing genomics
for delineating conservation units. Trends in ecology & evolution, 27(9), 489-496.
http://dx.doi.org/10.1016/j.tree.2012.05.012
Grabherr, M. G., Haas, B. J., Yassour, M., Levin, J. Z., Thompson, D. A., Amit, I., Adiconis, X.,
Fan, L., Raychowdhury, R., Zeng, Q., Chen, Z., Mauceli, E., Hacohen, N., Gnirke, A.,
Rhind, N., di Palma, F., Birren, B. W., Nusbaum, C., Lindblad-Toh, K., … Regev, A.
(2011). Full-length transcriptome assembly from RNA-Seq data without a reference
genome. Nature biotechnology, 29(7), 644–652. https://doi.org/10.1038/nbt.1883
Hail, W. J. (1969). A study of the areal geology of parts of the North and Middle Park basins,
Jackson and Grand Counties, Colorado. U.S. Department of the Interior
Hamann, E., Pauli, C. S., Joly-Lopez, Z., Groen, S. C., Rest, J. S., Kane, N. C., Purugganan, M.
D., & Franks, S. J. (2021). Rapid evolutionary changes in gene expression in response to
climate fluctuations. Molecular ecology, 30(1), 193–206.
https://doi.org/10.1111/mec.15583
Harrison, J. G., Forister, M. L., Mcknight, S. R., Nordin, E., & Parchman, T. L. (2019). Rarity
does not limit genetic variation or preclude subpopulation structure in the geographically

81
restricted desert forb Astragalus lentiginosus var. piscinensis. American journal of
botany, 106(2), 260–269. https://doi.org/10.1002/ajb2.1235
Hoffmann, A. A., & Sgrò, C. M. (2011). Climate change and evolutionary
adaptation. Nature, 470(7335), 479–485. https://doi.org/10.1038/nature09670
Hohenlohe, P. A., Funk, W. C., & Rajora, O. P. (2021). Population genomics for wildlife
conservation and management. Molecular ecology, 30(1), 62–82.
https://doi.org/10.1111/mec.15720
Holliday, J. A., Hallerman, E. M., & Haak, D. C. (2018). Genotyping and Sequencing
Technologies in Population Genetics and Genomics. In: Rajora, O. (eds) Population
Genomics. Population Genomics. Springer, Cham. https://doi.org/10.1007/13836_2017_5
Huang, Q. Q., Wang, Q., Wan, Y. N., Yu, Y., Jiang, R. F., & Li, H. F. (2017). Application of Xray absorption near edge spectroscopy to the study of the effect of sulphur on selenium
uptake and assimilation in wheat seedlings. Biologia plantarum, 61(4), 726-732.
https://doi.org/10.1007/s10535-016-0698-z
Huenneke, L. F. (1991). Ecological implications of genetic variation in plant
populations. Genetics and conservation of rare plants, 31, 31-32.
Jombart, T. (2008). adegenet: a R package for the multivariate analysis of genetic
markers. Bioinformatics (Oxford, England), 24(11), 1403–1405.
https://doi.org/10.1093/bioinformatics/btn129
Karron, J. D. (1987). The pollination ecology of Co-occuring geographically restricted and
widespread species of astragalus (Fabaceae). Biological Conservation, 39(3), 179193. https://doi.org/10.1016/0006-3207(87)90033-4

82
Karron, J. D. (1991). Breeding systems in rare plant species. Genetics and conservation of rare
plants, 87.
Karron, J. D., Linhart, Y. B., Chaulk, C. A., & Robertson, C. A. (1988). Genetic structure of
populations of geographically restricted and widespread species of Astragalus
(Fabaceae). American Journal of Botany, 75(8), 11141119. https://doi.org/10.1002/j.1537-2197.1988.tb08823.x
Ke, L., Wang, Y., Schäfer, M., Städler, T., Zeng, R., Fabian, J., Pulido, H., De Moraes, C. M.,
Song, Y., & Xu, S. (2021). Transcriptomic Profiling Reveals Shared Signalling Networks
Between Flower Development and Herbivory-Induced Responses in Tomato. Frontiers in
plant science, 12, 722810. https://doi.org/10.3389/fpls.2021.722810
Lee, K. M., Ranta, P., Saarikivi, J., Kutnar, L., Vreš, B., Dzhus, M., Mutanen, M., & Kvist, L.
(2020). Using genomic information for management planning of an endangered
perennial, Viola uliginosa. Ecology and evolution, 10(5), 2638–2649.
https://doi.org/10.1002/ece3.6093
Lima, L. W., Pilon-Smits, E., & Schiavon, M. (2018). Mechanisms of selenium
hyperaccumulation in plants: A survey of molecular, biochemical and ecological
cues. Biochimica et biophysica acta. General subjects, 1862(11), 2343–2353.
https://doi.org/10.1016/j.bbagen.2018.03.028
Liu, Y., Wang, J., Wu, S., & Yang, J. (2022). A model for isoform-level differential expression
analysis using RNA-seq data without pre-specifying isoform structure. PloS one, 17(5),
e0266162. https://doi.org/10.1371/journal.pone.0266162

83
Love, M. I., Huber, W., & Anders, S. (2014). Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol, 15, 550.
https://doi.org/10.1186/s13059-014-0550-8
Magris, G., Marroni, F., D'Agaro, E., Vischi, M., Chiabà, C., Scaglione, D., Kijas, J., Messina,
M., Tibaldi, E., & Morgante, M. (2022). ddRAD-seq reveals the genetic structure and
detects signals of selection in Italian brown trout. Genetics, selection, evolution:
GSE, 54(1), 8. https://doi.org/10.1186/s12711-022-00698-7
Mast, M. A., Mills, T. J., Paschke, S. S., Keith, G., & Linard, J. I. (2014). Mobilization of
selenium from the Mancos shale and associated soils in the lower Uncompahgre river
basin, Colorado. Applied Geochemistry, 48, 1627. https://doi.org/10.1016/j.apgeochem.2014.06.024
Meirmans, P. G. (2020). genodive version 3.0: Easy-to-use software for the analysis of genetic
data of diploids and polyploids. Molecular ecology resources, 20(4), 1126–1131.
https://doi.org/10.1111/1755-0998.13145
Morin, P. A., Luikart, G., & Wayne, R. K. (2004). SNPs in ecology, evolution and
conservation. Trends in ecology & evolution, 19(4), 208-216.
https://doi.org/10.1016/j.tree.2004.01.009
NatureServe. (2021). NatureServe Explorer: An online encyclopedia of life [web application].
Astragalus osterhoutii. Version 7.1. NatureServe, Arlington, Virginia. Available:
https://explorer.natureserve.org/Taxon/ELEMENT_GLOBAL.2.155315/Astragalus_oster
houtii
Nielsen, E. S., Beger, M., Henriques, R., & Von der Heyden, S. (2020). A comparison of genetic
and genomic approaches to represent evolutionary potential in conservation

84
planning. Biological Conservation, 251,
108770. https://doi.org/10.1016/j.biocon.2020.108770
Onley, I. R., Moseby, K. E., & Austin, J. J. (2021). Genomic Approaches for Conservation
Management in Australia under Climate Change. Life (Basel, Switzerland), 11(7), 653.
https://doi.org/10.3390/life11070653
Ouborg, N. J., Pertoldi, C., Loeschcke, V., Bijlsma, R. K., & Hedrick, P. W. (2010).
Conservation genetics in transition to conservation genomics. Trends in genetics :
TIG, 26(4), 177–187. https://doi.org/10.1016/j.tig.2010.01.001
Parchman, T. L., Gompert, Z., Mudge, J., Schilkey, F. D., Benkman, C. W., & Buerkle, C. A.
(2012). Genome-wide association genetics of an adaptive trait in lodgepole
pine. Molecular ecology, 21(12), 2991–3005. https://doi.org/10.1111/j.1365294X.2012.05513.x
Patro, R., Duggal, G., Love, M. I., Irizarry, R. A., & Kingsford, C. (2017). Salmon provides fast
and bias-aware quantification of transcript expression. Nature methods, 14(4), 417–419.
https://doi.org/10.1038/nmeth.4197
Pavey, S. A., Bernatchez, L., Aubin-Horth, N., & Landry, C. R. (2012). What is needed for nextgeneration ecological and evolutionary genomics?. Trends in ecology &
evolution, 27(12), 673–678. https://doi.org/10.1016/j.tree.2012.07.014
Peterson, B. K., Weber, J. N., Kay, E. H., Fisher, H. S., & Hoekstra, H. E. (2012). Double digest
RADseq: an inexpensive method for de novo SNP discovery and genotyping in model
and non-model species. PloS one, 7(5), e37135.
https://doi.org/10.1371/journal.pone.0037135

85
Pilon-Smits, E. A. (2019). On the ecology of selenium accumulation in plants. Plants, 8(7),
197. https://doi.org/10.3390/plants8070197
Raj, A., Stephens, M., & Pritchard, J. K. (2014). fastSTRUCTURE: variational inference of
population structure in large SNP data sets. Genetics, 197(2), 573–589.
https://doi.org/10.1534/genetics.114.164350
Reynolds, R., & Pilon-Smits, E. (2018). Plant selenium hyperaccumulation- Ecological effects
and potential implications for selenium cycling and community structure. Biochimica et
biophysica acta. General subjects, 1862(11), 2372–2382.
https://doi.org/10.1016/j.bbagen.2018.04.018
Rosenfeld, I., & Beath, O. A. (1964). Selenium: geobotany, biochemistry, toxicity, and
nutrition. New York, Academic Press.
Rossetto, M., Yap, J. S., Lemmon, J., Bain, D., Bragg, J., Hogbin, P., Gallagher, R.,
Rutherford, S., Summerell, B., & Wilson, T. C. (2021). A conservation genomics
workflow to guide practical management actions. Global Ecology and Conservation, 26,
e01492. https://doi.org/10.1016/j.gecco.2021.e01492
Schiavon, M., & Pilon-Smits, E. A. (2017). The fascinating facets of plant selenium
accumulation - biochemistry, physiology, evolution and ecology. The New
phytologist, 213(4), 1582–1596. https://doi.org/10.1111/nph.14378
Shafer, A. B., Wolf, J. B., Alves, P. C., Bergström, L., Bruford, M. W., Brännström, I.,
Colling, G., Dalén, L., De Meester, L., Ekblom, R., Fawcett, K. D., Fior, S.,
Hajibabaei, M., Hill, J. A., Hoezel, A. R., Höglund, J., Jensen, E. L., Krause, J.,
Kristensen, T. N., … Zieliński, P. (2015). Genomics and the challenging translation into

86
conservation practice. Trends in Ecology & Evolution, 30(2), 7887. https://doi.org/10.1016/j.tree.2014.11.009
Shepherd, L. D., & Heenan, P. B. (2021). Phylogenomic analyses reveal a history of
hybridisation and introgression between Sophora sect. Edwardsia (Fabaceae) species in
New Zealand. New Zealand Journal of Botany, 60(2), 113-133.
https://doi.org/10.1080/0028825X.2021.1960567
Singh, A., Majeed, A., & Bhardwaj, P. (2021). Transcriptome characterization and generation of
marker resource for Himalayan vulnerable species, Ulmus wallichiana. Molecular
biology reports, 48(1), 721–729. https://doi.org/10.1007/s11033-021-06138-x
Sors, T. G., Martin, C. P., & Salt, D. E. (2009). Characterization of selenocysteine
methyltransferases from Astragalus species with contrasting selenium accumulation
capacity. The Plant journal: for cell and molecular biology, 59(1), 110–122.
https://doi.org/10.1111/j.1365-313X.2009.03855.x
Stamatakis, A. (2014). RAxML version 8: a tool for phylogenetic analysis and post-analysis of
large phylogenies. Bioinformatics (Oxford, England), 30(9), 1312–1313.
https://doi.org/10.1093/bioinformatics/btu033
Statwick, J., & Sher, A. A. (2017). Selenium in soils of western Colorado. Journal of Arid
Environments, 137, 1-6. https://doi.org/10.1016/j.jaridenv.2016.10.006
Steele, S. E., Ryder, O. A., & Maschinski, J. (2021). RNA-Seq reveals adaptive genetic potential
of the rare Torrey pine (Pinus torreyana) in the face of Ips bark beetle outbreaks.
Conservation genetics, 22, 1035-1050. https://doi.org/10.1007/s10592-021-01394-7
Sunde, J., Yildirim, Y., Tibblin, P., & Forsman, A. (2020). Comparing the performance of
Microsatellites and RADseq in population genetic studies: Analysis of data for pike (Esox

87
Lucius) and a synthesis of previous studies. Frontiers in
Genetics, 11. https://doi.org/10.3389/fgene.2020.00218
Tarlinton, R. E., Fabijan, J., Hemmatzadeh, F., Meers, J., Owen, H., Sarker, N., Seddon, J. M.,
Simmons, G., Speight, N., Trott, D. J., Woolford, L., & Emes, R. D. (2021).
Transcriptomic and genomic variants between koala populations reveals underlying
genetic components to disorders in a bottlenecked population. Conservation
Genetics, 22(3), 329-340. https://doi.org/10.1007/s10592-021-01340-7.
Teixeira, J. C., & Huber, C. D. (2021). The inflated significance of neutral genetic diversity in
conservation genetics. Proceedings of the National Academy of Sciences, 118(10),
e2015096118. https://doi.org/10.1073/pnas.2015096118
Thorstensen, M. J., Baerwald, M. R., & Jeffries, K. M. (2021). RNA sequencing describes both
population structure and plasticity-selection dynamics in a non-model fish. BMC
genomics, 22(1), 273. https://doi.org/10.1186/s12864-021-07592-4
Todd, E. V., Black, M. A., & Gemmell, N. J. (2016). The power and promise of RNA-seq in
ecology and evolution. Molecular ecology, 25(6), 1224–1241.
https://doi.org/10.1111/mec.13526
Tripp, E. A., Tsai, Y. E., Zhuang, Y., & Dexter, K. G. (2017). RADseq dataset with 90% missing
data fully resolves recent radiation of Petalidium (Acanthaceae) in the ultra-arid deserts
of Namibia. Ecology and evolution, 7(19), 7920–7936. https://doi.org/10.1002/ece3.3274
Trippe, R. C., & Pilon-Smits, E. A. (2021). Selenium transport and metabolism in plants:
Phytoremediation and biofortification implications. Journal of Hazardous Materials, 404,
124178. https://doi.org/10.1016/j.jhazmat.2020.124178

88
United States Fish and Wildlife Service (USFWS). (2020). Recovery Plan clarification for
Osterhout Milkvetch (Astragalus osterhoutii) and Penland beardtongue. (Penstemon
penlandii). Lakewood, Colorado.
Vickerman, D., Shannon, M., Bañuelos, G., Grieve, C., & Trumble, J. (2002). Evaluation of
Atriplex lines for selenium accumulation, salt tolerance and suitability for a key
agricultural insect pest. Environmental Pollution, 120(2), 463473. https://doi.org/10.1016/s0269-7491(02)00116-1
Waldvogel, A., Feldmeyer, B., Rolshausen, G., Exposito‐Alonso, M., Rellstab, C., Kofler, R.,
Mock, T., Schmid, K., Schmitt, I., Bataillon, T., Savolainen, O., Bergland, A., Flatt, T.,
Guillaume, F., & Pfenninger, M. (2020). Evolutionary genomics can improve prediction
of species’ responses to climate change. Evolution Letters, 4(1), 418. https://doi.org/10.1002/evl3.154
Wang, L., Chen, K., & Zhou, M. (2021). Structure and function of an Arabidopsis thaliana
sulfate transporter. Nature communications, 12(1), 4455. https://doi.org/10.1038/s41467021-24778-2
White, P. J. (2016). Selenium accumulation by plants. Annals of botany, 117(2), 217-235.
https://doi.org/10.1093/aob/mcv180
Willi, Y., Van Buskirk, J., Schmid, B., & Fischer, M. (2007). Genetic isolation of fragmented
populations is exacerbated by drift and selection. Journal of Evolutionary Biology, 20,
534–542.
Yoshimoto, N., Inoue, E., Saito, K., Yamaya, T., & Takahashi, H. (2003). Phloem-localizing
sulfate transporter, Sultr1;3, mediates re-distribution of sulfur from source to sink organs
in Arabidopsis. Plant physiology, 131(4), 1511–1517. https://doi.org/10.1104/pp.014712

89
Zhao, Y. J., Yin, G. S., & Gong, X. (2022). RAD-sequencing improves the genetic
characterization of a threatened tree peony (Paeonia ludlowii) endemic to China:
Implications for conservation. Plant Diversity. https://doi.org/10.1016/j.pld.2022.07.002.
Zuber, H., Davidian, J. C., Wirtz, M., Hell, R., Belghazi, M., Thompson, R., & Gallardo, K.
(2010). Sultr4;1 mutant seeds of Arabidopsis have an enhanced sulphate content and
modified proteome suggesting metabolic adaptations to altered sulphate
compartmentalization. BMC plant biology, 10, 78. https://doi.org/10.1186/1471-2229-1078

